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Abstract 
Chapter 1: Dye-sensitized solar cell (DSSC) efficiencies have not significantly improved 
in recent years, primarily because of their single band gap design, limitations in dye absorption 
energies, and the Shockley-Queisser (SQ) limit. DSSCs require incident photon energy in the 
visible spectrum for the cell to produce a usable current. While the possibility of absorbing two 
near-infrared photons is a known concept for surmounting the SQ limit, the opportunities 
presented by mesoporous systems for creating such a sensitizer do not appear to have been 
studied. By incorporating carborane cluster-based macrocyclic compounds as “electron 
reservoirs,” a number of the inherent limitations in DSSC systems can be potentially 
circumvented, including extending the useable photon energy into the IR region by using a 
multi-photon, multi-step mechanism, effectively surmounting the SQ limit.  
Chapter 2: Recent experiments with hexagonal boron nitride (h-BN) have shown 
successful covalent and non-covalent functionalization of these nanostructures. Furthermore, 
experiments have also shown that the non-covalent functionalization of boron nitride nanosheets 
(BNNS) with polythiophene can produce a working photovoltaic device when attached to TiO2 
nanoparticles as a semiconductor in a manner similar to a DSSC. This paper explores the 
characterizations of a new polythiophene-BNNS complex, as well as attempting to stabilize and 
functionalize BNNS with thiophene based monomers.  
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Chapter 1 
Synthesis and Characterization of Carborane Containing Macrocycles for use as Electron-
reservoirs in Dye-sensitized Solar Cells 
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1.1 Introduction 
Solar energy has long been seen as one of the most viable sources of renewable energy 
since every year the Sun provides Earth with over ten thousand times the amount of energy 
required for human use.1 Photovoltaic devices form a major component of alternative energy 
strategies and, as their cost-to-efficiency ratio becomes more favorable, are set to provide a 
significant amount of residential and commercial energy.2 As cell efficiencies increase and the 
space needed for photovoltaic arrays decrease, solar energy becomes an effective and safe 
renewable option for providing the world’s energy needs. 
The first generation of photovoltaic technology has been based on crystalline silicon 
semiconductor wafers. These devices have many limitations, such as a single P/N junction, a 
single band gap and difficulties in the manufacture of pure crystalline silicon. Based on early 
published computations from 1960 and expanded upon since, the maximum theoretical limit of 
generation I p-n junction cells is approximately 33% efficiency, with a 29% SQ limit for silicon-
based devices. This limit is known as the Shockley-Queisser (SQ) limit.3 So far, the best small-
scale systems available have produced an efficiency of approximately 25 percent in prototype 
laboratory devices. However, with research trending toward new designs in photovoltaic cell 
materials, this limit has recently become largely a moot issue.4, 5 The original SQ limit is based 
on the single p-n junction design of Generation I technology, a design that is not retained in 
many recent systems.  
One way to increase the efficiency of photovoltaic devices, potentially surpassing the 
33% SQ limit, is to introduce a multiple p-n junction design. This was first accomplished by 
Generation II photovoltaic cells. Generation II photovoltaic cells consist of thin film 
semiconductor materials deposited directly on fluorine doped tin oxide (FTO) glass.  FTO glass 
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is an electrically conductive glass that serves as an electrical ground plane for the system. 
Amorphous silicon, gallium arsenide (GaAs) and copper indium gallium selenide (CIGS) are all 
commonly employed in the photovoltaic thin films deposited on the FTO. Because the original 
Shockley-Queisser limit assumed a single p-n junction, a new SQ limit for multiple p-n junction 
cells was calculated. This new SQ limit for Gen II materials introduced a maximum theoretical 
efficiency of 42% for a two junction design and increasing asymptotically to 68% for an infinite 
layer design.6 While most Gen II materials have similar efficiency limitations to Gen I solar 
cells, they can be produced at a fraction of the cost and do not require single crystalline silicon.5, 7 
Second generation cells have spawned renewed research interest, with a current measured 
maximum efficiency of 37.9% for a cell (InGaP/GaAs/InGaAs), and 24.1% for a module (GaAs) 
under normal conditions, and 44.4% (InGaP/GaAs/InGaAs), under concentrated sun, where a 
module is a panel made from multiple cells. In addition to these record efficiencies, recent 
simulations have demonstrated a cell design with a greater than 50% efficiency under 
concentrated sun is possible. This is the first known design to surpass 50% efficiency, even in 
simulations.8 In addition to traditional thin film cell designs, cells have been developed using a 
completely organic thin film, showing 11.1% efficiency, as well as the newly reported perovskite 
thin film (methylammonium lead halide) tested at 17.9% efficiency.5 
One of the newest areas of research in solar cell design has focused on the Dye-sensitized 
Solar Cell (DSSC); also known as the Grätzel cell. First reported by Michael Grätzel in 1993, 
these cells use a light-absorbing dye attached to a semiconductor to absorb the incident photons.9 
Although current measured DSSC efficiencies remain lower than previous generations of 
photovoltaic devices, recent advances have increased the maximum efficiency to 13% in single 
cell small-scale research,10 and this number is on par with the current 12 to 15% for commercial 
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production models available for solar arrays. However, DSSCs shows great potential, 
demonstrating 29.9% efficiency in laboratory tests using parallel cells running as a module.5 The 
main advantage of the DSSC is the potential to incorporate multiple band gaps in the system to 
increase the usable energy range and to far surpass the theoretical efficiency limitations of 
previous single bandgap photovoltaics. It has been theorized that a multiple band gap system can 
surpass the SQ limit.7 In addition, DSSC systems are relatively inexpensive to prepare and use 
compared with other generations of solar cells. 
In the dye-sensitized cell design (diagram seen in Figure 1), a photon is first absorbed by 
the dye bound to a semiconductor with the energy absorbed used to promote a ground state 
electron into an excited state on the dye. If the energy of this excited state is above the energy 
level of the conduction band of the semiconductor, then the electron can inject into the 
semiconductor’s conduction band. Once in the conduction band, the electron may then flow from 
anode to cathode using conductive FTO glass, creating usable electricity. Once at the cathode, an 
electron is able to be recycled to replenish the ground state of the dye through a redox process. 
This is typically preformed using a 3I-/I3- solution.11 
 Recent work has focused thus far on modifications to the dye and tailoring the energy 
levels of the adsorbed dye and semiconductor to maximize electron transport.  This approach, 
however, still has a number of important limitations to increasing the efficiency of these DSSC 
systems.   
In our work, we have taken the basic concept of the DSSC cell in a new direction to 
potentially circumvent many of these limitations and develop a new generation of photovoltaic 
devices. 
5 
 
 
Figure 1.  Schematic representation of the DSSC, beginning with photo excitation of the dye, 
injection of an excited electron into the conduction band, and an 3I-/I3- redox to replenish the dye 
ground state. 
 
 
 
 
 
 
 
 
Dye Semiconductor
Ground State
Conduction Band
Excited State
hv
3I-/I3-
6 
 
1.2 Research Background  
One advantage of the DSSC design is essentially a “separation” of the absorption process 
of the photon based in the dye molecule from the insertion and conduction process of the 
semiconductor. The DSSCs, however, still have SQ limitations, partially arising from the 
energies needed for the absorption and excitation processes. The use of a suitably designed 
macrocyclic carborane cage complex could be an effective way to overcome some of the current 
DSSC efficiency limits. By working as an electron reservoir between a suitably tailored dye and 
the semiconductor, an appropriate macrocycle placed between the dye and the semiconductor 
could allow a multi-step, multi-photon process to increase the useable range of suitable photon 
energy into the IR region instead of the single-step, high-energy approach used in current DSSC 
systems – in some ways similar to a molecular multi-junction device. Figure 2 shows the basic 
principle of the dye-reservoir –semiconductor system.   
Current DSSCs require at least 1.6 eV to excite an electron into the conduction band of 
the semiconductor, which corresponds to a wavelength of 740 nm or shorter. The tunablity of the 
reservoir theoretically could use photon absorption well into the IR region to ultimately promote 
an electron into the semiconductor’s conduction band which should significantly improve the 
overall efficiency of the photocell by utilizing more of the solar spectrum.12 
A suitable reservoir, however, must display a set of specific characteristics in order to 
potentially function as desired. These include: (1) electron conjugated system, (2) proper 
molecular orbitals to interface with the dye and semiconductor, (3) sufficient chemical stability, 
(4) compatibility and connective pathways to both the pendent dye and semiconductor 
components, and (5) appropriate redox characteristics and stable excited state intermediate 
lifetimes.  
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Figure 2. General scheme for the reservoir approach to a dye-sensitization photovoltaic system 
involving a two-step excitation process.12 
Given the requirements necessary for a suitable reservoir system, a macrocyclic system 
composed of aromatic organic and/or borane-based cluster units should provide good candidates 
to explore this type of system.  In order to realize the stated characteristic chemical requirements, 
our proposed approach to the reservoir involves a macrocycle that contains an aromatic 
carborane structure on one-half of the molecule, and an aromatic organic structure on the other 
half. Each half of the proposed reservoir is designed in a way to be completely aromatic, to 
provide necessary stability and promote collection and transfer of electrons. The primary 
advantage of initially focusing upon exploring a molecular reservoir system with two distinct 
molecular “halves” is the exploration of, and the potential to synthetically “tune” the hybrid 
molecule. In addition to providing a prototype reservoir molecule, the target provides an 
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important synthetic demonstration for the design and synthesis of a unique hybrid organic-cluster 
species. 
There are many potential benefits to using the proposed macrocycles in a dye-reservoir-
semiconductor based solar cell. Carborane cages are highly stable, three-dimensional aromatic 
systems that exhibit nearly complete electron delocalization due to their electronic configuration 
and bonding schemes. The multi-center bonding of carborane clusters allow for the cage to be 
very stable and show unusual electronic properties while displaying a characteristic multi-center 
bonding scheme. These unique properties should allow the cages to accommodate electrons in a 
stable environment, thus making them candidate structures to consider for use as electron 
reservoirs.  
Since the macrocycle will be required to act as an excited state intermediate, the 
molecules redox properties and excited state lifetimes are of particular interest. Although a 
carborane macrocycle would be newly synthesized, there have been previous reports of the redox 
properties in similar diphenyl substituted carboranes. For diphenyl-o-carborane, previous 
literature reports a first reduction E°’ = -1.41 eV (-32.5 kcal/mol), and a second reduction E°’ of 
-1.58 eV (-36.4 kcal/mol) showing the favorability of a double reduction in phenyl substituted 
carborane cage systems, that was also stable in atmospheric conditions for several hours.13 This 
previous work would suggest our similar carborane structures should exhibit similar redox 
characteristics and stability. 
Macrocyclic borane-based molecules may also be designed and functionally substituted 
to incorporate electron-withdrawing groups to facilitate the flow of electrons from the dye to the 
semiconductor while hindering the backflow of electrons to the dye.12 Figure 3 shows several 
proposed macrocyclic reservoirs (compound 1.6, 1.9 and 1.13) and the initial precursor 
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(compound 1.6a) of 2,3-benzo-4,5-ortho-carborane-1-one. The electron transport process may 
possibly be facilitated through the use of the electron withdrawing carbonyl groups substituted 
onto the macrocyclic structure.  
The hybrid borane-organic aromatic macrocyclic compounds shown in Figure 3 represent 
an important attempt to prepare designed nanostructures using the building block approach.  In 
this approach to building larger arrays, smaller precursor molecules are first synthesized and then 
assembled to prepare the desired larger nanoscale structure.  The synthesis of the prototype 
reservoirs shown in Figure 3 would represent one of the first examples of this approach using 
rigid molecular building blocks. For this reason, the synthetic pathways explored in this work 
may provide valuable methodologies for preparing larger designed nanostructural rigid arrays.   
Additionally, a reason for choosing the hybrid cluster-organic system for exploration is that we 
may discover synthetic steps for making the “pure” cluster-only systems along the way by 
preparing and then combining substructures with two cluster and two organic units.   
 
Figure 3.  Structure of the proposed reservoir compound 1.6,12 the precursor 2,3-benzo-4,5-
ortho-carborane-1-one 1.6a,14 the altered o-carborane based macrocycle 1.9, and the proposed m-
carborane based target compound 1.13. 
Scheme 1 shows a synthetic route for investigation to potentially produce the prototypic 
hybrid reservoir molecule, compound 1.6.  
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In addition to compound 1.6, macrocyclic compound 1.9 (Figure 3), is also a suitable 
target as a model reservoir. Compound 1.9 may be thought of as a modified structure of molecule 
1.6.  The synthesis of compound 1.9 was also deemed appropriate since its proposed synthetic 
pathway reduces the number of steps relative to compound 1.6 while maintaining the basic cyclic 
design of an o-carborane based subunit conjugated with an organic benzophenone-based subunit. 
A synthetic scheme for the preparation of compound 1.9, starting with compound 1.3, is shown 
in Scheme 2. Compounds 1.9 and 1.13 (described below) also share very similar structural 
characteristics, with 1.13 substituting m-carborane cage unit instead of an o-carborane subunit, as 
seen in 1.9, to produce a meta-linked macrocycle.  
While the building block approach is an important goal of this project, the initial 
synthesis of compound 1.6 has followed a more linear synthetic process, as shown in Scheme 1. 
This was necessary in order to deal with problems associated with ring coupling and closure 
reactions of the macrocyclic ring in 1.6a. Compound 1.13, further employs the theme of the 
molecular building block approach and is also based upon a carborane-based macrocyclic system 
such as that found in compounds 1.6 and 1.9. Compound 1.13 is based on a disubstituted 
benzophenone15 unit coupled to a disubstituted carborane benzophenone analog. The synthetic 
route for compound 1.13 is shown in Scheme 3. While this target could be seen as a simpler 
target, minor changes in the molecule still provide the same basic molecular features of the 
macrocycle. Compound 1.13 should have the potential for use in a DSSC system, while 
maintaining the building block approach and reducing the number of synthetic steps from eight 
to five and potentially increasing the overall yield.  It also serves as a synthetic and structural 
prototype for the type of macrocyclic reservoir and rigid-unit assembly that is the focus of this 
work. 
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Scheme 1. The proposed route toward the synthesis of compound 1.6 showing the intended 
linear route pathway.14-18 
1. AlCl3/Br2 70°C
2. HCl Δ
Triethylamine
(PPH3)2Pd(II) Cl2/PPH3/CuI
(Trimethylsilyl) acetylene
 80 °C
MeOH/K2CO3
Benzene/B10H14-2
N,N-dimethylaniline
Δ 72hr
1. Thionyl chloride,!Δ
2. CH2Cl2/AlCl3 Δ
O O O O
O
Br Br
Si Si
HC
C
CH
C
O
C
C
C
C
HO OH
O O
1. Ether/n-BuLi -77 °C
2. CO2 -77 °C
3. HCl
O
C
C
C
C
O O
O
C
C
C
C
O O
O
C
C
C
C
O O
I I
O
1.6
1.3 1.4
1.5
1.1 1.2a 1.2
O
O
C
C
C
C
HO OH
O O
O
C
C
C
C
O O
I I
1.5a
1.Ether/n-BuLi
2.Toluene/Triphosgene
I2, 115 °C
sealed tube
12 
 
 
Scheme 2. The synthetic route of an o-carborane based macrocycle, compound 1.9, starting from 
the compound 1.3 involving the protection of the central carbonyl in 1.3, the closing the cycle, 
and deprotection of the product.17, 19, 20 
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Scheme 3. The proposed synthetic route for target compound 1.13 employing a building block 
approach to producing compounds 1.12 and 1.10, using a Suzuki coupling to form 1.13.15, 17, 21, 22 
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1.3 Experimental 
1.3.1 Physical Measurements  
All NMR spectra were taken either with a Bruker Advance 300 MHz or 400 MHz NMR 
instrument as stated with chemical shifts reported in ppm. Proton (1H) NMR and 13C NMR were 
referenced to an internal standard of tetramethylsilane (CH4Si) at δ = 0.0 ppm. 11B NMR was 
referenced relative to BF3 Et2O at δ = 0.0 ppm. FT-IR spectra were performed in a KBr pellet in 
the range of 400-4000 cm-1 using a Thermo Nicolet IR200 FT-IR. Mass spectra were collected 
either as a GC/MS, or as a solid probe MS and are identified as noted below. Gas 
chromatography/mass spectroscopy recordings were collected from a Thermo Finnigan Trace 
GC Ultra/Trace DSQ GC/MS using a 15 m silica column, and electron ionization (EI) at 70 eV. 
Solid probe MS was performed at SUNY ESF, Syracuse, NY. UV-Visible spectra were recorded 
on a Perkin Elmer Lambda 950 UV-Visible spectrophotometer, using a 1 cm quartz cell; solvents 
and concentrations varied as presented below. 
1.3.2 Materials 
All reactions were conducted using standard Schlenk inert atmosphere equipment, 
employing magnetic stir bars and dry nitrogen gas as an inert atmosphere, except where stated in 
the experimental procedures. All reaction solvents were dried and degassed using a three-cycle 
freeze, pump, thaw method prior to use. Most solvents were dried over 3Å molecular sieves and 
distilled as needed (vide infra). Triethylamine (Et3N) was dried and distilled from CaH. 
Diethylether (Et2O) and tetrohydofuran (THF) were pre-dried over sieves, and then distilled from 
Na/benzophenone. All reactions run at -77 °C used an acetone/dry ice slush bath.  
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1.3.3 Synthetic Details 
1-phenyl-1,2-dicarba-closo-dodecaborane (1.3a).23 Starting with 1.00 g (8.18 mmol) of 
decaborane  and 0.845 g (8.27 mmol) of phenylacetylene, 1.984 g (16.4 mmol) of N,N-
dimethylaniline was placed in the flask using a syringe, along with 15 mL of benzene.  After 
stirring at room temperature for 1 hour, the mixture was heated to reflux for 72 hours.  The 
solvent was removed in vacuo leaving a small amount of pale yellow oil.  The product was 
extracted into hexanes and filtered.  The hexane was removed in vacuo, leaving a yellow oil.  
The product was recrystallized from a minimum of MeOH/H2O (1:6) at room temperature. The 
product was confirmed to match the published NMR and FT-IR data. The product was obtained 
in 44% yield (1.61 g, 7.31mmol). 1H NMR (300 MHz, CDCl3): δ 7.27-7.51 (m, 5H), 3.98 (s, 1H) 
ppm. 11B NMR (96 MHz, CDCl3): δ -1.2 (1B), -3.4 (1B), -8.0 (2B), -10.0 (4B), -12.0 ppm (2B). 
FTIR (KBr) (cm-1): 3083 (m), 2569 (s).  
2-phenyl-1,2-dicarba-closo-dodecaborane-1-carboxylic acid (1.4a).14 A mixture of 
7.31mmol of 1-phenyl-1,2-dicarba-closo-dodecaborane (1.16 g) and 20 mL of diethyl ether was 
allowed to stir for 30 minutes while cooling to -78 °C  in a dry ice bath. To this mixture, 2.90 mL 
(7.31mmol) of n-butyllithium (2.5 M in hexanes) was added to the cooled solution using a 
syringe and allowed to stir for 1 hour in the dry ice bath. A large excess of dry ice was then 
added to the reaction flask and was allowed to stir for an additional hour. The flask was then 
removed from the bath and stirred while it warmed to room temperature to produce a solution 
that was very cloudy white. The ether was then removed in vacuo to leave a white chalky 
product. 20 mL of H2O was then added to the flask and the water was extracted using hexanes 
(2x10 mL). To this aqueous mixture was then added 2 mL of concentrated HCl to acidify the 
product. The product was then extracted with hexanes (4 x 30 mL) to produce a layer of product 
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between the water and hexanes, which was filtered before separating aqueous and organic layer 
by seperatory funnel. The 4 hexanes washes were combined and the solvent was removed in 
vacuo to produce a white solid which was combined with the filtered product from between the 
aqueous and organic layers, and dried on dynamic vacuum at room temperature overnight. 
Spectra matched reference. A 63% yield (4.58 mmol) of product was obtained. 11B NMR (96 
MHz, CDCl3): δ 0.5, -2.3 and -8.7 ppm. FTIR (KBr) (cm-1): 2988 (s, br), 2585 (s), 1723 (s).  
2,3-benzo-4,5-ortho-dodecacarborane-1-one (1.6a).14 Chlorination: 0.150 g (0.567 
mmol) of 2-phenyl-1,2-dicarba-closo-dodecaborane-1-carboxylic acid from the previous step 
was dissolved in 20mL of dry benzene and 0.138g (0.663 mmol) of PCl5 was then added to the 
flask and the mixture refluxed for 1 hour. The mixture was then cooled to 80 °C and the flask 
opened to the vacuum to remove the benzene and phosphorous oxychloride.  The product was 
then allowed to cool to room temperature under vacuum. Ring Closure: After the reaction 
reached room temperature, the flask was filled with nitrogen gas and the material was dissolved 
in 20 mL of hexanes. Under inert atmosphere, 1.51 g (1.2 mmol) of aluminum trichloride was 
added to the solution and it was allowed to reflux for 18 hours. After reflux, the reaction was 
allowed to cool to room temperature when 15 mL H2O was added the flask. The reaction was 
extracted with hexanes (2x20 mL) and hexane fractions were combined and removed in vacuo, 
leaving a greenish white solid. The solid was purified by sublimation at 110 °C producing 0.90 g 
of product (64% yield). The product 11B NMR and FT-IR data matched those previously 
reported. 11B NMR (96 MHz, CDCl3): δ 0.1 (1B), -2.6 (3B), -5.7 (2B), -11.0 (2B), -12.6 ppm 
(2B). FTIR (KBr) (cm-1): 2604 (s), 1733 (s). 
3,3’-dibromobenzophenone (1.1).15 The reaction of 9.20 g (0.0505 mol) of 
benzophenone and 14.71 g (0.110 mol) of AlCl3 was preformed neat under dry nitrogen in a 
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flask, and the reaction mixture was stirred using a spatula because the mixture was too thick and 
viscous to effectively use a magnetic stir bar. After allowing the reaction to stand for 30 minutes, 
5.7 mL (0.110 mol) of bromine was added to the flask over a period of 2 hours by using a 
dropping funnel. Twice during this addition, the dropping funnel was removed and the mixture 
was stirred by hand against a countercurrent of nitrogen. The mixture was continuously cooled 
using a water bath maintained at 20 °C. After the bromine addition was completed, the flask was 
placed in a mineral oil bath and heated to 70 °C and allowed to stir for 1.5 hours. The flask was 
then cooled slowly to room temperature, after which time the flask was placed in an ice bath and 
about 10 mL of ice water was added to the flask along with 10 mL of concentrated HCl. After 
the vigorous reaction had stopped, the mixture was heated to reflux for 1 hour.  The crude sticky 
product was filtered and washed with water and concentrated aqueous sodium hydrogen 
carbonate, 3x50 mL aliquots.  The crude product was then recrystallized from a minimum of hot 
ethanol to produce 3.87g (11.3mmol) of product 1.1 in a 22% yield. The melting point of the 
product was determined to be 132.5-137.6 °C and compared well with the reported value of 138-
140 °C. Repeated recrystallization produced pure product matching literature characterization 
data. 1H NMR (300 MHz, CDCl3): δ 7.94 (ts, 2H), 7.77-7.74 (ddd, 2H), 7.718-7.683 (ddd, 2H), 
7.40 ppm (t, 2H). 13C NMR (77 MHz, CDCl3): δ 194.1, 139.2, 136.1, 133.1, 130.4, 128.9, 123.2 
ppm. MS (GC/MS): molecular ion peak m/z= 339.8 (m+/-2), base peak m/z= 182.8 (m+2), other 
peaks m/z= 260.9 (m-2), 154.8 (m+2), 75.9. FTIR (KBr) (cm-1): 3060 (w), 1650 (s), 1561 (m). 
UV-Vis (CH2Cl2): λmax 255 nm, local λmax 292 nm. mp: 138-140 °C. 
3,3’-bis[(trimethylsilyl)acteylene]benzophenone (1.2a).16, 24 Compound 1.1, 3,3-
dibromobenzophenone (3.77 g, 11.1 mmol) was place in a round bottom flask, sealed with a 
septum and the flask evacuated under vacuum. Then, using a glove bag filled with dry nitrogen 
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gas, the dibromobenzophenone was dissolved into 160 mL of triethylamine and 20 mL of 
toluene. The gas and septum were then removed inside the bag, and 0.2 equivalents of both 
triphenylphosphine (0.582 g, 2.22 mmol) and bistriphenylphosphine palladium (II) dichloride 
(1.56 g, 2.22 mmol), and 0.4 molar equivalent of CuI (0.845 g, 4.44 mmol) were added to the 
flask. The flask was sealed with a septum under nitrogen and removed from the glove bag and 
stirred in an oil bath until it gradually reached 60 °C. To this reaction was then added 2.5 molar 
equivalents (4 mL, 27.7 mmol) of trimethylsilylacetylene through the septum and stirred at 60 °C 
for 15 minutes, during which time the solution turned dark brown. The heat was then increased 
to 80 °C and allowed to stir overnight (16 hours).  After cooling to room temperature, the 
solution was filtered into another flask to remove the precipitate and was washed with a saturated 
solution of NaHCO3 (3 x 20 mL). After separation from the aqueous phase, the organic phase 
solution was dried using MgSO4, filtered and solvent removed. The solid product was dried 
overnight in vacuo to yield 3.65 g of a crude product. The product was identified using proton 
NMR, GC/MS and IR data. Due to complications with product loss during purification, further 
purification was delayed until after removal of silyl protecting groups.  1H NMR (300 MHz, 
CDCl3): 7.87 (s, 2H), 7.71-7.68 (m, 4H), 7.45 (t, 2H), 0.26 ppm (s, 18H). MS (GC/MS): 
molecular ion peak m/z=374, base peak m/z=73 and other major peaks 172 and 359. FTIR (KBr) 
(cm-1): 3060 (w), 2367 (w), 1651(s). 
3,3’-diethynylbenzophenone (1.2).16 The product compound 1.2a, 3.65g (9.75mmol), 
was dissolved into 200 mL dry methanol and 1.45 molar equivalents of solid K2CO3 (1.95 g) was 
added and the reaction mixture was then stirred at room temperature 18 hours. The solution was 
filtered and the solvent was removed to produce 3.69g of crude product 1.2.  
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As an alternative procedure, compound 1.2a was placed in a flask flushed with nitrogen 
gas.  Using a syringe, 15 mL of dry THF was added to the flask to dissolve the crude starting 
material, followed by the addition of 1 molar equivalent of tetra-n-butylammonium fluoride 
(TBAF). The solution was then stirred for 5 minutes at room temperature, and the reaction 
quenched by adding water. The mixture was filtered and the organic layer separated from the 
aqueous phase.  THF was removed from the isolated organic phase by rotary evaporation to 
leave a crude product 1.2.  The crude product was purified by column chromatography using 1:1 
dichloromethane and petroleum ether, followed by recrystallization from hot petroleum ether to 
produce 1.37g of pure product. The isolated yield was found to be 54%. The removal of TMS 
groups was confirmed by proton NMR, GC/MS, and FT-IR to match literature values. 1H NMR 
(300 MHz, CDCl3): δ 7.90 (s, 2H), 7.791-7.765 (ddd, 2H), 7.741-7.716 (ddd, 2H), 7.50 (t, 2H), 
3.15 ppm (s, 2H). MS (GC/MS): molecular ion peak was at m/z=230 and base peak at 129, other 
peaks at 101, 75, and 202. FTIR (KBr) (cm-1): 3278 (m), 3065 (w), 2924 (w), 2367 (w), 1648 (s). 
Bis(3-(1,2-dicarba-closo-dodecaborane-1-yl)phenyl)methanone (1.3). Decaborane 
(0.33 g, 2.70 mmol) was added to 0.31g (1.35 mmol) of compound 1.2 in a flask that had been 
flushed with nitrogen gas. Dry benzene (30 mL) was added through the septum and stirred to 
dissolve all the solids. To this flask was added 5.5 mmol of N,N-dimethylaniline (0.67 g, 0.7 ml) 
and the mixture was stirred for an additional hour at room temperature before being refluxed for 
72 hours. After cooling to room temperature, the solvent was removed and the product was dried 
under dynamic vacuum overnight. The product was purified by silica gel column 
chromatography using 9:1 hexane and ethyl acetate. X-Ray quality crystals were grown by the 
slow evaporation of a 1:1 hexane and dichloromethane solution of the compound. 1H NMR (400 
MHz, CDCl3): δ 7.92 (s, 2H), 7.74 (d, 2H, J=8 Hz), 7.68 (d, 2H, J=8 Hz), 7.38 (t, 2H, J=7.8 Hz), 
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3.41 ppm (s, 2H). 11B NMR (128 MHz, CDCl3): δ -2.0 (2B, B(9, 9’)), -4.2 (2B, B(12, 12’)), -8.8 
(4B, B(8,8’,10,10’)), -10.9 (unresolved, 8B, B(4,4’,5,5’,3,3’6,6’)), -12.6 ppm (4B, 
B(7,7’,11,11’)). 13C NMR (103 MHz, CDCl3): δ 193.8, 139.0, 135.9, 132.9, 130.2, 128.7, 123.0, 
60.2, 55.9 ppm. MS (GC/MS): molecular ion peak and boron envelope at m/z 466, base peak 
envelope at m/z 247 and significant peaks at m/z 325, and 218. Isotopic distribution was 
measured for the molecular ion from m/z 464 through m/z 469, relative abundances were 49.6, 
78.8, 100, 96.5, 74.3, 37.2 respectively compared to a calculated value25 of 46.2, 76.5, 100, 99.9, 
72.8, 35.8. FTIR (KBr) (cm-1): 3059 (w), 2588 (s), 1654 (m). UV-Vis (CH2Cl2): λmax 255 nm. 
mp: 117-128 °C. 
Bis(3-(1,2-dicarba-closo-dodecaborane-1-carboxylic acid-2-yl)phenyl)methanone 
(1.4). The biscarborane compound 1.3 (0.43 g, 0.921 mmol) was placed in a nitrogen gas filled 
flask and 30 mL of diethyl ether was added through the septum.  The solution was cooled with 
dry ice for 30 minutes to reach -77°C. To this was then added 2.2 molar equivalents (2.03 mmol, 
0.81 mL of a 1.6 M solution) of n-butyllithium and solution stirred cold for 1 hour. 
Approximately 10 molar equivalents (0.41 g) of CO2 as dry ice was added to the solution against 
a countercurrent of dry nitrogen and the solution stirred for 1 hour at -77 °C.  The flask was then 
allowed to reach room temperature while stirring for about an hour. The ether solvent was 
removed in vacuo, 30mL of water was added to flask and the residue washed with hexane (2x15 
mL) to remove starting material. Using 2 mL conc. HCl, the water was acidified and a brownish 
precipitate was formed. The solution was then filtered and the product extracted into hexanes 
(4x30 mL). The hexane layer was separated from aqueous layer and dried using MgSO4.  MgSO4 
was then filtered and the hexanes were removed before the product was dried overnight under 
dynamic vacuum to produce a solid brown residue. The residue was found to be 0.28g of 
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product. 11B NMR (96 MHz, CDCl3): -0.1 (unresolved), and -7.8 ppm (unresolved). FTIR (KBr) 
(cm-1): 800 (s), 1018 (s), 1091 (s), 1261 (s, sh), 1409 (m), 1720 (m) 1735 (m), 2578 (m), and 
2963 (m). 
Bis(2,3-benzo-4,5-ortho-dodecacarborane-1-one)methanone (1.5): Method 1: Acid 
Chloride: In small flask with sidearm was placed 0.060 g (0.100 mmol) of compound 1.4 and the 
flask was first evacuated and then filled with dry nitrogen. Phosphorus pentachloride (PCl5, 
0.062 g, 0.300 mmol) was added to the flask against nitrogen counterflow and 5 mL of dry 
benzene was added via syringe. The solution was stirred for 1 hour at reflux before it was cooled 
to 80 °C and the benzene and phosphorous byproducts removed in vacuo. The solution was 
allowed to reach room temperature while open to vacuum, leaving the impure product. 5 mL of 
hexane was added to the impure product and 4.0 molar equivalents of AlCl3 (0.057 g, 0.432 
mmol) were added to the stirred solution. The reaction mixture was refluxed for 18 hours before 
cooling to room temperature. After cooling, 10 mL water was added to flask and product 
extracted with dry diethyl ether (3x10 mL). Proton NMR data showed that no ring closure 
reaction had occurred.  
Method 2: Acid Chloride: Impure compound 1.4 (0.060 g, 0.108 mmol) was placed in a 
50 mL flask with sidearm and the flask was evacuated and filled with nitrogen. Thionyl chloride 
(1 mL, 13.8 mmol) was added to the reaction flask by syringe, serving as both solvent and 
reagent. The solution was then heated for 5 hours and turned from yellow to brown during this 
time. After cooling, the thionyl chloride was removed by vacuum. Ring Closure: The residue 
was dissolved in 2 mL dichloromethane and 0.432 mmol (0.057 g) aluminum chloride was 
added. The mixture was then refluxed overnight. After cooling to room temperature, 10 mL of 
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water was added to the flask and the water layer was extracted with ether (3x 10 mL). The crude 
NMR showed no reaction occurred.  
Bis(3-(1,2-dicarba-closo-dodecaborane-1-yl)phenyl)dimethoxymethane (1.7). A 
mixture of 0.200 g (0.427 mmol) of compound 1.3 and 15 mg p-toluenesulfonic acid (TsOH) 
(0.0857 mmol), were placed in a dry flask, flushed with nitrogen gas. To this was then added10 
mL methanol and 0.5 ml trimethylorthoformate via syringe. The solution refluxed for 24 hours 
and, after cooling to room temperature, the reaction mixture was poured into 20 mL of an 
aqueous NaHCO3 solution. The reaction turned a milky white upon the addition of the NaHCO3 
solution. The suspension was then extracted with diethyl ether (3x20 mL) and the combined 
ether layers were dried over MgSO4. The ether was evaporated to leave an impure product that 
was then purified by silica gel column chromatography with 2:1 dichloromethane and hexane 
eluent. 1H NMR (400 MHz, CDCl3): δ 7.69 (s, 1H), 7.47 (s, 3H), 7.28-7.41 (complex), 7.17 (t, 
1H), 5.20 (s, 2H), 3.95 (br s, 4H), 3.36 (s, 6H), 3.10 ppm (s, 3H). 11B NMR (128 MHz, CDCl3): δ 
-1.2 (2B, B9,’9)), -4.2 (2B, B(12,12’)), -8.9 (4B, B(8,8’,10,10’)), -10.8 (unresolved, 8B, 
B(4,4’,5,5’,3,3’6,6’)), -12.7 ppm (4B, B(7,7’,11,11’)). 13C NMR (103 MHz, CDCl3): ∂ 167.8, 
144.1, 143.3, 142.3, 141.0, 133.7, 133.6, 132.5, 130.9, 130.2, 129.8, 129.2, 129.0, 128.85, 
128.82, 128.7, 128.4, 128.0, 127.0, 126.6, 125.8, 125.7, 125.6, 122.4, 101.6, 84.8, 84.1, 68.2, 
60.0, 57.2, 57.1, 50.0. 
Macrocyclic compound 1.8. A 50 mL round bottom flask with sidearm was prepared 
with 0.0392 mmol (0.02 g) of compound 1.7, the flask was evacuated and filled with nitrogen 
gas. Then, 10 mL of dry ether (dry/degassed) was added by syringe and the solution was cooled 
to -77 °C.   To this, 0.0861 mmol of n-butyl lithium (0.05 mL, 1.6 M in hexane) was added and 
the solution stirred at -77 °C for 1 hour.  The solution was then gradually allowed to warm to 
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room temperature over 1 hour. The ether was evaporated in vacuo, and 5 mL of toluene was 
added to the reaction. The solution was then cooled to 0 °C using an ice water bath and the 
reaction flask was fitted with a dropping funnel. In a second flask, 4 mg (0.013 mmol) 
triphosgene (C3O3Cl6) was dissolved into 10 mL toluene (dry/degassed) and then transferred to 
the dropping funnel via a cannula. The triphosgene solution was added to the reaction solution 
drop wise over 1 hour and the reaction stirred at room temperature over night. The solids were 
filtered off and the toluene evaporated to give a solid. NMR data, however, indicated that no 
reaction occurred. 1H NMR (400 MHz, CDCl3): ∂ 7.69 (s), 7.47 (s), 7.28-7.41 (complex), 7.17 
(t), 5.20 (s), 3.96 (br s), 3.37 (s), 3.11 ppm (s). 11B NMR (128 MHz, CDCl3): ∂ -2.0, -4.2, -8.9, -
10.8, -12.7 ppm. 13C NMR (100 MHz, CDCl3): ∂ 166.7, 143.1, 142.3, 141.3, 140.2, 133.0, 131.4, 
129.9, 128.9, 128.8, 128.1, 127.8, 127,6, 127.4, 127.0, 126.0, 124.8, 124.6, 124.5, 121.4, 100.6, 
83.7, 83.1, 67.1, 59.0, 56.2, 48.5 ppm. 
Bis(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (1.10). In a 100 
mL Schlenk flask was combined 0.500 g (1.47 mmol) 3,3’-dibromobenzophenone (1.1), 1.57g 
(6.18 mmol) bis(pinacolato)diboron, 1.988 g (14.7 mmol) K2CO3, 0.077 g triphenylphosphine 
(0.294 mmol or 20 mol%), and 33 mg  Pd(OAc)2 (0.147 mmol or 10 mol%). The flask was then 
evacuated and then filled with dry nitrogen gas. DMF (30 mL, dry/degased) was added by 
syringe and reaction stirred for 4 hours at 90 °C. After cooling to room temperature, the reaction 
mixture was poured into 50 mL water and the water/DMF mixture was extracted with diethyl 
ether (3x 40 mL). The combined ether layers were washed with brine (3x 20 mL), dried over 
MgSO4, and the ether was evaporated and left to dry under dynamic vacuum over night. The 
impure product was purified by silica gel column chromatography using 9:1 hexane and ethyl 
acetate. 1H NMR (400 MHz, CDCl3): δ 8.22 (s, 2H), 8.014 (dt, 2H, J1=7.2 Hz, J2=1.2 Hz), 7.86 
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(dt, 2H, J1=8.0 Hz, J2=1.6 Hz), 7.48 (t, 2H, J=7.6 Hz), 1.34 ppm (s, 24H). 13C NMR (103 MHz, 
CDCl3): δ 197.1, 138.6, 137.2, 136.2, 132.7, 127.7, 84.1, 24.9 ppm.  
 Bis-(1,7-dicarba-closo-dodecaborane)methanone (1.11). Into a 100 mL round bottom 
flask fitted with a side arm was placed 1.00 g (6.93 mmol) of m-carborane. The flask was 
evacuated, filled with nitrogen gas and the m-carborane was dissolved in 15 mL of dry/degased 
ether. Then the solution was cooled to -77 °C using a dry ice - acetone slush bath. To this flask 
2.8 mL (7 mmol) of n-butyl lithium (2.5 M in hexane) was added and the mixture was allowed to 
stir at -77 °C. After 1 hour, the solution was slowly warmed to room temperature and the ether 
was evaporated. The lithiated product was then dissolved in 20 mL of toluene (dry/degassed) and 
cooled to using an ice water bath. The reaction flask was fitted with a dropping funnel and 
triphosgene in toluene (1.2 mmol, 9.6 mL, 0.125 M) was added to the funnel by cannula, and the 
triphosgene was dropped into the solution of lithiated product over two hours. This reaction 
mixture was allowed to stir for 15 hours at room temperature and, during this time, the reaction 
solution slowly went from a pale yellow to a dark brown color. The solution was filtered to 
remove the precipitate and the toluene was evaporated off leaving a crude yellowish solid. The 
crude solid was washed with 40 mL of petroleum ether and the solid was place on dynamic 
vacuum to dry. The product was purified by silica gel column chromatography using 9:1 hexane 
and ethyl acetate; with further purification by sublimation (70°C, <10mtorr). 1H NMR (400 
MHz, CDCl3): δ 5.50, 3.03, 2.94, 2.58, 1.98 ppm. 11B NMR (128 MHz, CDCl3): δ -3.4 (2B, 
(B5,5’)), -4.8 (2B, B(12,12’)), -9.1 (unresolved, 8B, B(9,9’,10,10’,4,4’,6,6’)), -11.7 (4B, 
B(8,8’,11,11’)), and -14.2 (4B, B(2,2’,3,3’)) ppm. 13C NMR (103 MHz, CDCl3): δ 168.3, 68.0, 
55.2 ppm. MS: molecular ion peak and base peak m/z 313, other peaks: m/z 276,171, 154, 139. 
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UV (CH2Cl2): λmax< 230 nm. FTIR (KBr) (cm-1): 3059 (w), 2614 (s), 1712 (s, sh), 1420 (m), 1288 
(m), 718 (m). mp: 158-161 °C. 
Compound 1.11d. This compound was formed as a side product from reaction of m-
carborane with n-BuLi and phosgene, as described for compound 1.11. Crystals were formed by 
slow evaporation of 1:1 hexane and dichloromethane. GCMS:  Molecular ion peak m/z 487, base 
peak m/z 171, other peaks m/z 343, 296, 142. 
7,7’-Dibromo(1,7-dicarba-closo-dodecaborane)methanone (1.12). Both 0.065 g (0.207 
mmol) of 1.11 and 61 mg (0.445 mmol) aluminum chloride (anhydrous) were place in a 50 mL 
round bottom flask with a side arm that was evacuated while the solids stirred. After 1 hour, the 
flask was filled with nitrogen gas and 100 µL of bromine was added and allowed to stir for 30 
minutes. A second aliquot of 100 µL of bromine was then added and stirred for 1 hour. The 
reaction mixture was then heated to 70 °C for 6 hours. The mixture was then cooled to room 
temperature before being placed in an ice bath. Three 1 mL aliquots of 10% HCl were added 
drop wise to the reaction that was then refluxed for 1 hour. The impure solid obtained was 
filtered and washed 3 times with 5 mL aliquots of a saturated sodium bicarbonate solution. The 
product was dissolved in 10 mL of dichloromethane, dried over MgSO4, and the DCM was 
evaporated. The crude solid was purified by silica gel column chromatography using 6:1 hexane 
and ethyl acetate. 11B NMR (96 MHz, CDCl3): δ -3.8 (2B), -6.1 (6B unresolved), -11.5 (2B), -
13.2 (2B), -20.1 ppm (2B). 13C NMR (77 MHz, CDCl3): δ 164.3, 52.0, 31.0 ppm. MS: molecular 
ion peak and base peak at m/z 471, other peaks: 390, 250, 221. UV (CH2Cl2): λmax< 230 nm. 
1,9-dibromo-m-carborane (1.12a). This product was obtained as a side product formed 
as a minor impurity of m-carborane in the reaction of 1.11 with AlCl3 and Br2. X-ray quality 
crystals were grown from slow evaporation of toluene. 11B NMR (96 MHz, CDCl3): δ -5.6 (2B, 
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B(5,12)), -6.1 (2B, B(9,10)), -13.5 (4B, B(4,6,8,11), -21.8 ppm (2B, B(2,3)). Spectral data 
matches previously published result.26 
Compound 1.12b. This compound was formed as a side product of the reaction of 1.11 
to prepare compound 1.12 described above. The product was not isolated. GCMS: molecular ion 
peak and base peak m/z 393, other peak m/z 171. 
Compound 1.12c. This compound was formed as a side product of the reaction of 1.11 to 
prepare compound 1.12 described above. The product was not isolated. GCMS: molecular ion 
peak and base peak m/z 551, other peak m/z 471, 328, 249. 
Pentacyclo[17.3.1.12,6.18,12.113,17]hexacosa-1(23),2,4,6(26),8,10,12(25),13,15,17(24),19,
21-dodecaene-7,18-dione (1.14). The synthesis of compound 1.14 was performed as a one-pot 
reaction, where the presumed diboronate intermediate (1.10) was not isolated. Boronate: 3,3’-
dibromobezophenone (0.100 g, 0.294 mmol) was placed in a dry 100 mL Schlenk flask, along 
with bis(pinacolato)diboron (0.306 g, 1.21 mmol), anhydrous K2CO3 (0.406 g, 2.94 mmol), and 
10 mol% Pd(OAc)2 (7 mg, 0.0294 mmol). The flask was evacuated and flushed with dry nitrogen 
gas. To this flask was then added 20 mL of dimethylformamide (dry/degas) and reaction stirred 
at 90 °C for 4 hours. Coupling: After cooling the reaction flask to room temperature, the septum 
was removed and nitrogen was allowed to flow at a steady rate. Against the counter flow of dry 
nitrogen, 3,3’-dibromobenzophenone (0.100 g, 0.294 mmol), K2CO3 (0.507 g, 3.675 mmol), and 
Pd(OAc)2 (10 mg, 0.044 mmol) was added to the flask. The flask was then sealed with the 
septum and the reaction was stirred first at 90 °C for 4 hours and then at room temperature 
overnight. Brine (30 ml) and ethyl acetate (50 ml) were added to the flask, and thoroughly 
mixed. The organic layer was separated, dried over MgSO4, and the solvent was evaporated to 
leave a crude solid product (0.180 g). The crude solid was recrystallized from toluene to remove 
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boron compounds and was purified further by slow evaporation from CH2Cl2 to give X-ray 
quality crystals. 1H NMR (300 MHz, CDCl3): 8.30 (t, 4H), 8.15 (ddd, 4H), 7.82 (ddd, 4H), 7.66 
ppm (t, 4H). 13C NMR: 193.3, 141.8, 137.3, 136.5, 130.8, 129.8, 129.2 ppm. MS (solid probe): 
molecular ion peak and base peak m/z 360, other peaks: 332, 180, 152. UV (CH2Cl2): λmax 235 
nm. IR (KBr) (cm-1): 2927 (w), 1655 (m, sh), 1571 (w), 1321 (w), 1211 (w), 728 (m, sh). mp: 
above 260 °C. 
Macrocyclic compound 1.13. Compound 1.10 (0.036 g, 0.0861 mmol), compound 1.12 
(0.026 g, 0.0551 mmol), K2CO3 (0.076 g, 0.551 mmol), triphenylphosphine (3 mg, 0.011 mmol), 
and 10 mol% Pd(OAc)2 (1.2 mg, 0.00551 mmol) were added to a 100 mL Schlenk flask. The 
flask was sealed with a septum and evacuated for 15 minutes and then filled with dry nitrogen 
gas. To this was added by syringe 30 mL dry DMF (degassed) and the reaction was first stirred 
at 90 °C for 12 hours, and then at room temperature for 24 hours. The solids were then filtered 
off and 100 mL water was added. The aqueous layer was extracted with ether (3x50 mL), and 
then the combined organic layers were washed with water (3x40 mL) and brine (3x40 mL). The 
organic layer was separated, and dried over MgSO4, and the ether was evaporated to give 0.21 g 
solid. This was purified by column chromatography using hexane/ EtOAc (6:1). The product 
remains impure, but was separated by compounds with similar Rf values. 1H NMR (400 MHz, 
CDCl3) ∂ 7.61-7.66 (m, 1.6H), 7.54-7.58 (m, 1H) 7.32 (d, 6H) 7.07-7.11 ppm (m, 2H). 11B NMR 
(128 MhZ, CDCl3): ∂ -1.9 (4H), -4.1 (4H), -8.9 (4), -10.7 (4H), -12.8 ppm (4H). 13C NMR (100 
MHz, CDCl3) ∂ 196.7, 156.1, 139.2, 139.0, 137.3, 136.3, 134.2, 132.9, 132.51, 132.48, 132.3, 
132.2, 131.2, 129.8, 129.6, 128.4, 129.0, 128.8, 128.3, 128.0, 127.9, 127.2, 125.9, 123.0, 122.8, 
120.14, 120.06, 116.9, 116.8, 114.1, 84.42, 60.22, 33.8, 32.1, 32.0, 31.8, 31.22, 30.5, 29.9, 29.8, 
29.7, 29.6, 29.54, 29.46, 29.3, 27.4, 25.1 ppm. MS (solid probe): m/z 527 (13% R.A.), 431 (25% 
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R.A.), 265 (100% R.A.), all peaks show boron envelope; peaks remain mostly unresolved and 
unassigned. 
1.3.4 X-ray Crystallographic Study 
Crystallographic studies using single crystal X-ray diffraction (XRD) were carried out to 
determine the molecular structures of compound 1.3, 1.10, 1.14, and 1.12a (9,10-dibromo-m-
carborane).  
Suitable crystals for compounds 1.3 and 1.10 were grown by slow evaporation from 1:1 
hexane and dichloromethane. Crystals of compound 1.14 were grown by slow evaporation from 
dichloromethane. Crystals for 1.12a were grown by slow evaporation from toluene. Compound 
1.12a, 9,10-dibromo-m-carborane, has been previously synthesized27 and the crystal structure 
published,28 however our crystallization method resulted in a different crystal lattice and a 
revised structure. Both the published crystal structure and our newly determined structure are 
provided for comparison in Appendix A.  
All crystals were collected and immediately covered with a layer of silicone oil. A single 
crystal from each was selected, mounted on a glass rod on a copper pin, and placed in the cold N2 
stream of an Oxford Cryosystems cryometer. XRD data collection was performed on a Bruker 
APEX II diffractometer with use of Mo Kα radiation (λ = 0.71073 Å) for compounds 1.3 and 
1.10, and Cu Ka radiation (λ = 1.54178 Å) for compound 1.14, and a CCD area detector. 
Empirical absorption corrections were applied using SADABS.29, 30 The structures were solved 
with use of either direct methods or the Patterson option in SHELXS and refined by the full-
matrix least-squares procedures in SHELXL.31, 32 The space group assignments and structural 
solutions were evaluated using PLATON.33, 34 Non-hydrogen atoms were refined anisotropically. 
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Hydrogen atoms were located in calculated positions corresponding to standard bond lengths and 
angles. 
Disorder, as observed for compound 1.3, was handled by modeling the occupancies of the 
individual orientations using free variables to refine the respective occupancy of the affected 
fragments. Disordered positions of the carbonyl group and boron cage were observed and were 
refined using split positions, 70/30 and 60/40 respectively.  
The molecular structures for compound 1.3, 1.10 and 1.14 can be seen in Figures 4-10. 
Tables of crystallographic details can be seen in Tables 1, and select bond distances and angles 
in Tables 2-9. The full crystallographic data can be seen in Appendix A. The comparison of 
9,10-dibromo-m-carborane structures may be seen in Appendix A. 
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Table 1. Crystallographic data for compounds 1.3, 1.10, and 1.14. 
  1.3 1.10 1.14 
empirical formula C17H30B20O C25H32B2O5 C26H16O2 
formula weight 466.61 434.12 360.39 
crystal system monoclinic monoclinic monoclinic  
space group P21/n P21/n  I2/a 
a (Å) 11.487 (2) 12.376 (6) 21.7877 (18) 
b (Å) 18.703 (4) 10.498 (5) 3.8393 (3) 
c (Å) 12.961 (2) 18.998 (9) 23.0009 (18)  
α (°) 90 90 90 
β (°) 107.772 (3) 102.851 (8) 118.182 (5) 
γ (°) 90 90 90 
V (Å3) 2651.7 (9) 2406.4 (19) 1695.9 (2)  
Z 4 4 4  
T (K) 90 90 90 
Dcalc (g/cm3) 1.169 1.198 1.411 
F (000) 960 928 752 
crystal size (mm3) N/A 0.1 x 0.1 x 0.05 0.2 x 0.05 x 0.05 
θ range (deg) 2.0-24.8 2.7-21.9 4.4-66.6 
index ranges -13≤h≤13 -14≤h≤14 -25≤h≤25 
  -21≤k≤22 -12≤k≤12 -4≤k≤4 
  -15≤l≤15 -22≤l≤22 -27≤l≤27 
goodness of fit (GOF) 1.036 1.005 1.856 
no. of reflns collected 4538 4261 1504  
no. of independent reflns 4538 [Rint=0.093] 4261 [Rint=0.111] 1504 [Rint=0.086] 
no. of parameters 494 297 128 
wavelength (Å) 0.71073 0.71073 1.54178 
final R indices [I>2σ(I)] R=0.0667 R=0.0541 R=0.1379 
  wR=0.1593 wR=0.1124 wR=0.4083 
final R indices (all data) R=0.1236 R=0.1190 R=0.1680 
  wR=0.1905 wR=0.1375 wR=0.4405 
largest diff. peak and hole (e-/Å3) 0.39 to -0.22 0.32 to -0.21 1.30to -0.62 
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Figure 4. The ORTEP drawing of the crystallographically determined compound bis(3-(1,2-
dicarba-closo-dodecaborane-1-yl)phenyl)methanone (1.3), thermal ellipsoids are drawn at 30% 
probability. 
Table 2. Select bond distances (Å) for compound 1.3, with estimated standard deviations in 
parenthesis. 
Bond Distance Bond Distance 
B1—C14 1.711 (4) B6—B10 1.780 (5) 
B1—B8 1.765 (5) B7—B10 1.759 (5) 
B1—B2 1.767 (5) B7—B8 1.764 (5) 
B1—B5 1.771 (5) B7—B9 1.786 (5) 
B1—B7 1.778 (5) B8—C15 1.717 (4) 
B2—C14 1.710 (4) B8—C14 1.733 (4) 
B2—B3 1.769 (5) B8—B10 1.780 (5) 
B2—B4 1.771 (5) B9—B10 1.776 (5) 
B2—B5 1.769 (5) B10—C15 1.695 (4) 
B3—C15 1.719 (5) O1—C1 1.436 (9) 
B3—C14 1.736 (4) C1—C2 1.481 (9) 
B3—B4 1.761 (5) C1—C8 1.531 (8) 
B3—B6 1.769 (5) C2—C7 1.383 (4) 
B4—B5 1.769 (6) C2—C3 1.385 (4) 
B4—B6 1.782 (5) C3—C4 1.390 (4) 
B4—B9 1.783 (5) C4—C5 1.384 (4) 
B5—B9 1.771 (5) C4—C14 1.505 (4) 
B5—B7 1.775 (5) C5—C6 1.388 (4) 
B6—C15 1.685 (4) C6—C7 1.375 (4) 
B6—B9 1.772 (5) C14—C15 1.641 (4) 
 
32 
 
Table 3. Select bond angles (°) for compound 1.3 with estimated standard deviations in 
parenthesis. 
Angle Value Angle Value 
C14—B1—B8 59.79 (17) B6—B9—B10 60.2 (2) 
B8—B1—B2 108.9 (2) C15—B10—B7 104.4 (2) 
C14—B1—B5 105.2 (2) B7—B10—B9 60.7 (2) 
B5—B1—B7 60.0 (2) C15—B10—B8 59.14 (17) 
C14—B2—B3 59.83 (18) O1—C1—C2 112.8 (5) 
B3—B2—B1 108.8 (2) C2—C1—C8 114.8 (5) 
C14—B2—B4 105.9 (2) C7—C2—C3 119.4 (3) 
C15—B3—C14 56.73 (16) C7—C2—C1 118.3 (4) 
C15—B3—B4 104.0 (2) C2—C3—C4 120.9 (3) 
B2—B3—B6 108.0 (2) C5—C4—C3 119.2 (3) 
B3—B4—B5 108.1 (3) C5—C4—C14 119.7 (2) 
B3—B4—B2 60.1 (2) C4—C14—C15 118.3 (2) 
B4—B5—B1 108.3 (2) C4—C14—B2 122.0 (2) 
B5—B9—B10 107.2 (3) B2—C14—B8 113.1 (2) 
  
 
 
Figure 5. The ORTEP drawing of the crystallographically determined compound bis(3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (1.10), thermal ellipsoids are drawn at 
30% probability. 
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Table 4. Select bond distances (Å) for compound 1.10, with estimated standard deviations in 
parenthesis. 
Bond Distance Bond  Distance 
B1—O3 1.360 (3) C4—C5 1.386 (3) 
B1—O2 1.366 (3) C5—C6 1.400 (3) 
B1—C6 1.552 (4) C6—C7 1.395 (3) 
C1—O1 1.222 (3) C14—O2 1.475 (3) 
C1—C2 1.489 (4) C14—C17 1.508 (4) 
C1—C8 1.494 (4) C14—C16 1.513 (4) 
C2—C7 1.392 (3) C14—C15 1.551 (4) 
C2—C3 1.394 (3) C15—O3 1.473 (3) 
C3—C4 1.384 (4) C15—C18 1.517 (4) 
 
Table 5. Select bond angles (°) for compound 1.10 with estimated standard deviations in 
parenthesis. 
Angle Value Angle Value 
O3—B1—O2 114.0 (2) C2—C7—C6 121.7 (2) 
O3—B1—C6 122.3 (2) O2—C14—C17 108.9 (2) 
O2—B1—C6 123.7 (2) O2—C14—C16 106.7 (2) 
O1—C1—C2 120.5 (2) C17—C14—C16 111.1 (2) 
O1—C1—C8 120.0 (2) O2—C14—C15 101.77 (18) 
C2—C1—C8 119.5 (2) C17—C14—C15 114.2 (2) 
C7—C2—C3 118.8 (2) C16—C14—C15 113.4 (2) 
C7—C2—C1 122.1 (2) O3—C15—C19 109.0 (2) 
C3—C2—C1 119.0 (2) O3—C15—C18 105.6 (2) 
C4—C3—C2 120.6 (2) C19—C15—C18 110.2 (2) 
C3—C4—C5 119.8 (2) O3—C15—C14 102.25 (19) 
C4—C5—C6 121.2 (2) C19—C15—C14 115.3 (2) 
C7—C6—C5 117.9 (2) C18—C15—C14 113.5 (2) 
C7—C6—B1 119.6 (2) B1—O2—C14 106.6 (2) 
C5—C6—B1 122.5 (2) B1—O3—C15 106.06 (19) 
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Table 6. Select dihedral angles (°) for compound 1.10 with estimated standard deviations in 
parenthesis. 
Angle Value Angle Value 
O1—C1—C2—C7 -147.6 (3) C17—C14—C15—O3 -146.8 (2) 
C8—C1—C2—C7 33.9 (4) C16—C14—C15—O3 84.6 (2) 
O1—C1—C2—C3 30.1 (4) O2—C14—C15—C19 -147.8 (2) 
C8—C1—C2—C3 -148.4 (2) C17—C14—C15—C19 95.1 (3) 
C7—C2—C3—C4 -1.4 (4) C16—C14—C15—C19 -33.6 (3) 
C4—C5—C6—C7 -1.4 (3) O2—C14—C15—C18 83.6 (2) 
C4—C5—C6—B1 178.8 (2) C17—C14—C15—C18 -33.5 (3) 
O3—B1—C6—C7 -0.6 (4) C16—C14—C15—C18 -162.1 (2) 
O2—B1—C6—C7 177.6 (2) O3—B1—O2—C14 -7.7 (3) 
C3—C2—C7—C6 0.6 (4) C17—C14—O2—B1 144.2 (2) 
O1—C1—C8—C13 -152.4 (2) C16—C14—O2—B1 -95.8 (2) 
C2—C1—C8—C13 26.1 (4) C15—C14—O2—B1 23.3 (2) 
O1—C1—C8—C9 23.8 (4) O2—B1—O3—C15 -12.6 (3) 
C2—C1—C8—C9 -157.7 (2) C6—B1—O3—C15 165.8 (2) 
C9—C10—C11—C12 -1.1 (4) C19—C15—O3—B1 148.7 (2) 
C10—C11—C12—C13 -0.5 (4) C18—C15—O3—B1 -92.9 (2) 
C1—C8—C13—C12 176.4 (2) C14—C15—O3—B1 26.1 (2) 
 
 
Figure 6. The ORTEP drawing of the crystallographically determined compound 
Pentacyclo[17.3.1.12,6.18,12.113,17]hexacosa-1(23),2,4,6(26),8,10,12(25),13,15,17(24),19,21-
dodecaene-7,18-dione (1.14), thermal ellipsoids are drawn at 30% probability. 
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Table 7. Select bond distances (Å) for compound 1.14, with estimated standard deviations in 
parenthesis. 
Bond Distance Bond Distance 
C1—O1 1.239 (9) C6—C12i 1.575 (10) 
C1—C2 1.415 (14) C8—C13 1.362 (10) 
C1—C8 1.515 (16) C8—C9 1.472 (13) 
C2—C7 1.366 (9) C9—C10 1.354 (16) 
C2—C3 1.464 (13) C10—C11 1.311 (14) 
C3—C4 1.350 (14) C11—C12 1.403 (11) 
C4—C5 1.383 (13) C12—C13 1.423 (12) 
C5—C6 1.350 (12) C12—C6i 1.575 (10) 
C6—C7 1.403 (10)   
Table 8. Select bond angles (°) for compound 1.14 with estimated standard deviations in 
parenthesis. 
Angle Value Angle Value 
O1—C1—C2 124.3 (11) C5—C6—C7 119.4 (7) 
O1—C1—C8 118.1 (9) C2—C7—C6 122.5 (7) 
C2—C1—C8 117.7 (7) C13—C8—C9 117.9 (8) 
C7—C2—C1 128.1 (9) C13—C8—C1 124.1 (7) 
C7—C2—C3 116.9 (7) C9—C8—C1 117.9 (7) 
C1—C2—C3 114.9 (8) C10—C9—C8 115.3 (8) 
C4—C3—C2 118.2 (7) C11—C10—C9 129.0 (10) 
C3—C4—C5 123.2 (9) C10—C11—C12 116.6 (11) 
C4—C5—C6 119.4 (9) C11—C12—C13 119.3 (9) 
C5—C6—C12i 125.7 (7) C11—C12—C6i 125.4 (9) 
C7—C6—C12i 114.7 (7) C8—C13—C12 121.5 (7) 
Table 9. Select dihedral angles (°) for compound 1.14 with estimated standard deviations in 
parenthesis. 
Angle Value Angle Value 
O1—C1—C2—C7 -156.9 (9) O1—C1—C8—C13 -158.2 (8) 
C8—C1—C2—C7 23.7 (12) C2—C1—C8—C13 21.2 (11) 
O1—C1—C2—C3 19.7 (12) O1—C1—C8—C9 19.8 (12) 
C8—C1—C2—C3 -159.7 (7) C2—C1—C8—C9 -160.7 (7) 
C7—C2—C3—C4 -0.3 (10) C1—C8—C9—C10 -179.3 (7) 
C3—C4—C5—C6 5.2 (13) C12i—C6—C7—C2 171.0 (6) 
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Figure 7. The side view ORTEP drawing of the crystallographically determined compound 
(1.14), thermal ellipsoids are drawn at 30% probability. 
 
Figure 8. The partial packing diagram and unit cell of crystal structure of compound 1.14. 
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Figure 9. The partial packing diagram and unit cell of crystal structure of compound 1.3. 
 
Figure 10. The partial packing diagram and unit cell of crystal structure of compound 1.10. 
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1.4 Results and Discussion 
1.4.1 Toward Macrocyclic Compound 1.6 
A conceptual intermediate in the initial exploration of the synthesis of macrocycle 1.6 is 
compound 1.6a, first reported and crystallographically characterized by John Caruso in 2003.14 
In this synthetic pathway, two units of compound 1.6a might be coupled together, followed by an 
intramolecular ring closure process to form the desired macrocycle compound 1.6.  To explore 
this simplest route and to optimize experimental parameters in forming aromatic-carborane cage 
linked species, compound 1.6a was synthesized using the sequence shown in Figure 11. In this 
route, ethynylbenzene is first inserted into the framework of decaborane(14) to form the 1,2-
dicarbadodecaborane.  The linked benzene ring and the cage unit are then bridged by a carbonyl 
unit through the initial formation of a carboxylic acid unit on the free cage carbon atom followed 
by a ring closure reaction to form the carbonyl-bridged species, compound 1.6a.  This synthesis 
was found to provide compound 1.6a in good yields.14 Additionally, this work provided insights 
into the methodology required to link a carborane cage through a carbonyl subunit to a benzene 
ring system. The next step in building macrocycle 1.6a by this synthetic pathway involved the 
coupling of two molecules of compound 1.6a to form a dimeric species.  This reaction is 
problematic, however, because of the lack of control in coupling two molecules of compound 
1.6a in the appropriate places to produce 1.6. Compound 1.6a, a hybrid analogue of fluorenone, 
however, shows addition on the benzene ring meta to the carboxyl group.35 
In order to form compound 1.6 through the linkage of two units of 1.6a by a carbonyl 
unit in the required fashion, the carbonyl addition must occur at a site on the organic ring para to 
the carboxyl group and meta to the cage linkage. This creates a problem, however, because the 
carbonyl group already on compound 1.6a is meta-directing while the cage is typically an ortho 
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and para-directing group. The expected product would, therefore, be a compound linked at either 
the ortho- or para- sites relative to the cage linkage – the wrong linkage configuration for 
forming compound 1.6. After a review of the literature and an evaluation of potential synthetic 
pathways, efforts were directed towards starting with a derivatized benzophenone structure, 
which already contains the bridged phenyl groups in the desired position, rather than coupling 
two pre-formed subunits of compound 1.6a (Figure 12).16 The diethynyl compound 1.2 was 
considered to be a good starting point for the double cage-insertion reaction into the two triple 
bonds attached to the benzophenone backbone by decaborane, similar to the addition of 
decaborane into the triple bond of phenyl acetylene, as seen in the first step of the synthetic route 
for 1.6a. 
 
Figure 11. The initial reaction sequence to produce compound 1.6a.14 
 
Figure 12.  Synthesis of starting material, 3,3’-diethynylbenzophenone (1.2) in the synthetic 
pathway of macrocycle 1.6.15, 16  
As shown in Figure 12, the synthetic pathway building on a substituted pre-formed 
benzophenone structure utilizes the preparation of compound 1.2 from compound 1.1.  The 
formation of compound 1.1 was found to be straightforward and the product was produced in 
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purified, multi-gram quantities. While the yield obtained was found to be only 30-35%, the low 
cost of the reagents involved in producing sufficient amounts of product compound 1.1 makes 
the reaction quite suitable. This method employed for the bromination of benzophenone also 
provided a direct methodological model for the preparation of the brominated m-carborane 
analog 1.12, to be discussed later.  
Another pathway was also was tried (Figure 13) to prepare compound 1.1 using 1,3-
dibromobenzphenone and 3-bromobenzaldehyde as starting materials to produce bis-(3-
bromophenyl)methanol (1.1a), followed by a Swern oxidation to produce compound 1.1. While 
this sequence achieves a significantly better yield of 68%,24 the higher cost of the starting 
materials limits the ability to scale up the reaction, thus limiting the usefulness of this synthetic 
sequence. The spectral data obtained for the characterization of compound 1.1 matched values 
reported previously in the literature.15, 24, 36 
 
Figure 13. The synthetic route to 1.1 through bis-(3-bromophenyl)methanol (1.1a). 
Several problems, however, were found to occur while following the literature 
procedures for the preparation of 3,3’-diethynylbenzophenone (1.1) following the pathway in 
Figure 12, especially regarding the substitution of the benzophenone-substituted bromine with 
trimethylsilylacetylene. A major problem occurred in the use of triethylamine with 
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bis(triphenylphosphine)palladium(II)chloride. The palladium complex is very moisture sensitive 
and the triethylamine is extremely hygroscopic and difficult to completely dry.  Several 
preparatory steps had to be employed to ensure that the reaction would proceed properly. The 
triethylamine was dried over calcium hydride and distilled prior to use and the distillation and 
degassing steps were always performed within a few hours of starting the reaction.  Additionally, 
a nitrogen filled glove bag was used to handle all of the solids. Also, after several reactions with 
varying results, it was found that a significant modification of the published procedure produced 
the best result (given in the experimental section).16, 24 
In addition to difficulties associated with moisture, problems also occurred in the 
purification of the silyl (1.2a) and ethynyl (1.2) products. Berhardt has reported that 3,3’,5,5’-
tetrakis[(triisopropylsilyl)acetylene]benzophenone and 3,3’,5,5’-tetraethynylbenzophenone were 
only able to be purified by column chromatograph, while Kadei reported  that compounds 1.2a 
and 1.2 were purified first by column chromatography and then by recrystallization.16 An effort 
to streamline the process by skipping the column chromatography failed to produce any purified 
product using numerous solvents. The attempts at recrystallization of the 
diethynylbenzophenone, even with column chromatography first, also failed to produce any 
desirable result. It was determined that purification of the silated compound (1.2a) by column 
chromatography and recrystallization was not necessary because there were not any anticipated 
interactions from side products in the later removal of the trimethylsilyl protecting groups. 
Additionally, all attempted purifications resulted in a significant loss of product yield, The 
purification of 1.2 on a silica gel column was attempted at 20:1 and 30:1 ratios of silica to 
product, but the incomplete separation of the desired compound failed to produce a pure product. 
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It was established that a 50:1 silica gel column (silica to product ratio) was, however, sufficient 
to produce clean 3,3’-diethynylbenzophenone product. 
The reaction of decaborane with 3,3’-diethynylbenzophenone (1.2) was found to add the 
cage to the two triple bonds, thereby creating the new, key intermediate compound 1.3. The 
synthetic pathway is shown in Figure 14B and is similar to that previously reported for 
preparation of phenylcarborane, (C6H5)C2B10H11,23 Although the conditions employed in the 
synthesis of compound 1.2 follows reported work for  phenylcarborane, we established for the 
first time the ability to add multiple cages to species that contained multiple triple bonds.  
Additionally, this synthesis has also showed that a carbonyl functional group is unaffected by 
this cage-insertion reaction to prepare the first disubstituted benzophenone involving carborane 
cage units.  
 
Figure 14. Reaction pathway (A) shows the previously reported preparation of 
phenylcarborane,23 while reaction pathway (B) shows the reaction employed to produce the 
biscarborane-substituted benzophenone compound, 1.3. 
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Several methods of purification of the product compound 1.3 were explored. Based upon 
purification methods used for phenylcarborane23 and compound 1.216, recrystallization through 
slow evaporation was first explored.  Methanol, ethanol, petroleum ether, methylene chloride and 
chloroform were all tried as solvents, as well as binary 1:1 petroleum ether and methylene 
chloride solutions and 1:1 petroleum ether and chloroform solution. None of these attempts 
produced desirable results. Small-scale thin layer chromatography showed excellent separation, 
however, using a 1:1 methylene chloride/petroleum ether solvent mixture, although less then 
desirable results were typically obtained when a larger scale preparative TLC methods was 
employed, resulting in all of the reaction components moving to the solvent front. Based on the 
success of the small-scale TLC, the biscarborane benzophenone product was eventually purified 
on a silica gel column at a 50:1 (silica gel: compound ratio) using a 9:1 hexane to ethyl acetate.  
X-ray quality crystals of compound 1.3 were grown by slow evaporation from 1:1 hexane and 
dichloromethane.  Crystallographic data for compound 1.3 are given in tables 1-3 and a 
molecular structure is given in Figure 4. 
The X-ray structure determined for compound 1.3 was found to consist of a 
benzophenone with two o-carborane cages substituted in the 3- and 3’-postions. The molecular 
structure shows the two cages pointed away from each other, instead of downward as typically 
drawn, this is consistent with other similar structures37 and with what would be expected based 
on steric interactions. There was a significant amount of disorder, most likely caused by the 
bulky carborane substituents, this disorder caused torsion around the central carbon (C1). The 
bond distances and angles for carboranes in compound 1.3 are consistent with that of 
phenylcarborane (1.3a).23 
44 
 
The crystal unit cell for compound 1.3 was determined to be monoclinic in the P21/n 
space group, with the angles being 90° in the α and γ directions, and 107.7° in the ß direction. 
The unit cell also has dimensions of approximately 11.5 Å, 18.7 Å, and 12.9 Å. The overall size 
and shape of the unit cell for compound 1.3 match much more closely to the unit cell for 
phenylcarborane (1.3a),23 than the unit cell of 3,3’-dibromobenzophenone (1.1).37 
Not surprisingly, the observed 11B NMR pattern for the purified product 1.3 (Figure 15) 
corresponded closely with the pattern previously reported for the monomeric phenylcarborane 
compound,23 with only slight changes in the observed chemical shifts between the two 
compounds. The aromatic region of the proton NMR (Figure 15) for compound 1.3 showed the 
anticipated singlet, doublet, doublet, triplet pattern that is typical of 1,3-disubstituted phenyl 
rings. All four unique aromatic proton peaks were observed with only small shifts from the 
starting material, with the singlet showing a downfield change of 0.02 ppm, the doublets moving 
upfield approximately 0.04 ppm, while the triplet moved upfield by approximately 0.1 ppm 
relative to compound 1.2.   
The 13C NMR data (Figure 16) showed the carbonyl resonance located at 193.8 ppm, and 
the resonances for the cage carbons at 60.2 ppm for the substituted carbon and at 55.9 ppm for 
the unsubstituted carbon. Carbon resonances in this cage-carbon region match expected values 
from phenylcarborane 38 and demonstrate the successful insertion of decaborane to yield a closo-
carborane. The resonances for the phenyl rings appear at 139.0, 135.9, 132.9, 130.2, 128.7, and 
123.0 ppm, and are consistent with the aromatic nature of the benzene ring carbons.  
The IR spectrum for compound 1.3 showed a strong peak at 2588 cm-1, indicative of cage 
B-H bonds, an aromatic C-H bond stretch at 3059 cm-1, and the carbonyl stretch at 1654 cm-1, as 
shown in Figure 17.  
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Figure 15. The aromatic region of the proton NMR (A), and (B) the 11B NMR spectrum of 
compound 1.3. 
 
 
Figure 16. The 13C NMR spectrum of compound 1.3. 
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Figure 17. The FT-IR spectrum of compound 1.3. 
The GC/MS mass spectrum (Figure 18) for compound 1.3 provided further confirmation 
of the formation of the desired biscarborane product with a molecular ion peak centered at m/z 
468, as anticipated based upon the structure, and base peak at m/z 247, showing the primary 
cleavage of the C-C bond between the 1-position of the aromatic ring and the carbonyl of the 
benzophenone structure. The peak at m/z 218 corresponds to the smaller mass fragment resulting 
from this C-C bond cleavage. The small peak at m/z 325 corresponds to the cleavage of the C-C 
bond between the 3-position of the aromatic ring and the 1-position on the borane cage. The 
peaks show an expected boron isotopic envelope and the isotopic distribution analysis of the 
molecular ion peak is given in Table 10. 
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Figure 18. The mass spectrum of compound 1.3. 
Table 10. The isotopic distribution for the molecular ion peak for both measured and calculated 
values for compound 1.3. Calculations performed using online methods.25  
Peak 
m/z 
Measured Relative 
Abundance 
Calculated 
Data 
463 31.0 22.4 
464 49.6 46.2 
465 78.8 76.5 
466 100.0 100 
467 96.5 99.9 
468 74.3 72.8 
469 37.2 35.8 
470 13.3 10.4 
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Compound 1.3 represents both a new type of organoborane structure and also serves as 
the branching point for a number of our further synthetic explorations of carborane-incorporated 
macrocyclic structures. For this research, the confirmation of compound 1.3 is significant 
because it represents a new organoborane bifunctional species as well as a starting point for 
specifically the synthesis of target compounds 1.6 and 1.9. The next goal of the synthetic work 
toward 1.6 and similar structures was to develop a successful reaction scheme that is analogous 
to the synthesis of 1.6a, as seen in Figure 19. 
 
Figure 19. (A) Comparison of the synthetic steps of initial precursor 1.6a,14 to (B) the 
intermediate synthetic steps 1.4 and 1.5, toward target macrocycle 1.6.  
The proposed subsequent synthetic steps leading from the new bis-cage substituted 
benzophenone, compound 1.3, to macrocyclic compound 1.6 involved the formation of the 
functionalized intermediate compound 1.4. The next step in the synthetic progression to form 
then dicarboxylic acid 1.4 intermediate (Figure 20), however, this was met with complications. 
Several attempts to follow the analogous lithiation and addition of dry ice method successfully 
used by Caruso in the preparation of 1.6a, were unsuccessful in providing conclusive evidence 
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for the addition of the carboxylic acid groups to the untethered carborane cage-carbon sites in the 
formation of intermediate compound 1.4.  The11B NMR of the reaction showed a slight up field 
change in the cage boron resonances, but the peaks were poorly resolved. Although these 
changes were similar to what Caruso reported for the 11B NMR of the single carboxylic acid 
compound,14 this did not provide confirmation of the formation of structure 1.4. 
The FT-IR of the product of the reaction to prepare compound 1.4 showed two peaks at 
1735 and 1720 cm-1 in the carbonyl region of the spectrum, with a concomitant disappearance of 
the carbonyl peak at 1654 cm-1 from starting material 1.3.  This provides some evidence that the 
carboxyl addition may have occurred on the cage carbon. 
Multiple attempts to grow crystals of the product of this reaction pathway for X-ray 
analysis were unsuccessful. Mass spectral results also did not show the expected parent ion for 
compound 1.4. The GC/MS results from the product of the reaction of 1.3 with n-BuLi and dry 
ice, shown in Figure 21, were likewise inconclusive relative to the formation of the addition 
product compound 1.4. The GC trace from the reaction shows the disappearance of compound 
1.3. Additionally, two new peaks were observed in the GC analysis, separated by a retention time 
of approximately one minute. The molecular ion peak of the proposed structure for 1.4 at m/z 
524 was not observed in the spectra for any of these products. While this suggests that neither of 
the observed products were the desired compound 1.4, it is, however, rather common not to 
observe the molecular ion peaks for many organoborane compounds,39 especially cage-based 
compounds, when using EI-MS, due to the large ionization energy. 
The determination of the structures of the observed products by mass spectral analysis 
was further complicated by consideration of major fragments observed in both mass spectra. All 
major fragments in both spectra can be accounted for based on the proposed new structure.  The 
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two spectra are also quite different from each other in their fragmentation patterns. Figure 22 
shows an analysis of the major fragments observed for each of the two main products along with 
the corresponding proposed structure of the fragment. As seen in Figures 21A and 22A, the 
major fragments can be explained in sequence based on a bis-cage substituted benzophenone 
structure.  The fragment at m/z 506 presumably results from the loss of the alcohol group, with 
the fragment at m/z 478 resulting from a beta cleavage of the butyl chain.  The fragment at m/z 
465 may result from an alpha cleavage process involving the butyl chain with the fragment at 
m/z 231 resulting from the cleavage of the bond between the bridging carbon and a phenyl rings. 
The observed major fragments in the product shown in Figures 21B and 22B can be explained in 
a similar fashion.  The fragment at m/z 452 may result from the cleavage of both the alcohol and 
the butyl groups with the fragments at m/z 309 and 222 resulting from the cleavage between the 
phenyl ring and the bridging carbon without initial loss of the alcohol or butyl group. The 
fragments seen in the mass spectrum of the product shown in Figure 21A may be thought of as 
arising from a sequential process, being that the single ionization leads to the loss of several 
fragments, one after the other. The major fragments for the Figure 21B, however, presumably 
would require two separate fragmentation patterns, first being the primary loss of both the 
alcohol and butyl group, the second being the primary loss of a phenylcarborane unit.  
While it is common to observe multiple fragments arising from a sequential loss, if bond 
energies are similar it is also common to observe multiple fragmentation pathways for the same 
structure.39 Further characterization through a softer ionization method would obtain a molecular 
ion peak, and thus give a clearer picture of the products formed, but this was not attempted.  
It is possible that the electrophilic carbonyl carbon of the benzophenone is attacked by 
the nucleophilic n-butyl lithium preferentially giving rise to the addition of the butyl group to the 
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bridging carbonyl group to convert the ketone into a tertiary alcohol,40 compound 1.4b, as 
illustrated in Figure 20.  The available evidence also suggests that the lithiation of 1.3 may have 
attacked the bridging carbon of the benzophenone backbone rather than at the desired cage-
carbon site. The proposed reaction, seen in Figure 23, shows the initial lithiation at the carbonyl, 
addition of the butyl group to the bridging carbon, and finally a proton converting the lithiated 
tertiary alkoxide into the tertiary alcohol 1.4b. 
 
Figure 20. (A) The intended synthetic pathway toward macrocycle 1.6, and (B) the proposed 
alternate product formed from the reaction of n-butyl lithium with the bridging carbonyl of the 
benzophenone backbone.  
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Figure 21. The mass spectra of the two major unknown products (A and B) from the reaction of 
1.3 in attempt to form the dicarboxylic acid 1.4. 
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 Figure 22. Proposed fragment structures matching the major m/z masses in Figure 21. 
 
 
Figure 23. The proposed product (1.4b) for the reaction of compound 1.3 with n-BuLi and HCl. 
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After a number of purification attempts, a small amount of a combined product obtained 
from the attempted dicarboxylic acid addition reaction of compound 1.3 was used to investigate 
the next step of the synthesis involving a double internal Friedel-Crafts ring closure, in hopes 
that compound 1.4 was among the product mixture.  The ring closure reaction between the two 
carborane cages was, therefore, attempted through a use of a possible internal Friedel-Crafts 
reaction. The 11B NMR and proton NMR of this Friedel-Crafts reaction attempt showed no 
noticeable changes. The mass spectral analysis showed a major product with a molecular ion 
peak and base peak envelope at m/z 528, which matches the missing molecular ion peak in the 
mass spectrum of compound 2.4. Unfortunately, due to an insufficient amount of product, it was 
not possible to obtain 13C NMR or IR data.  These data suggest that the ring closure reaction did 
not occur. 
Work toward the synthesis of macrocyclic compound 1.6 via the pathway proposed in 
Scheme 1, therefore, ended when then addition of the carboxylic acid to the carborane cage-
carbons was not accomplished, The focus of the synthetic strategy thus turned to the formation of 
either macrocycle 1.13 or macrocycle 1.9. This was done in order to minimize the synthetic 
opportunities in creating a working macrocycle prototype. While work on the original target 1.6 
was stopped, subsequent work on 1.9, macrocycle 1.13 later suggested that compound 1.6 might 
be eventually be preparable through a combination of protecting and deprotecting strategies. 
Nonetheless, the synthesis of compound 1.9 became the focus of synthetic efforts. 
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1.4.2 Toward Macrocyclic Compound 1.9 
The proposed synthetic route for the preparation of macrocycle 1.9 is shown 
schematically in Figure 24 and illustrates a straightforward synthetic approach to preparing the 
macrocycle analogous to compound 1.13 by starting from compound 1.3. The analogous o-
carborane-based macrocycle 1.9 and m-carborane based macrocycle 1.13 are compared in Figure 
25. Although these two macrocycles are analogous, they were approached in a somewhat 
different manner, with the proposed synthesis of compound 1.9 following a more linear 
approach, as shown in Scheme 2, while the proposed synthesis of compound 1.13 follow a 
building block coupling synthesis, as shown in Scheme 3. The previously discussed compound 
1.3 was originally synthesized as an intermediate in route to the macrocyclic target compound 
1.6 although it also forms a key starting point for the synthesis of compound 1.9. Due to the 
difficulties encountered in preparation of macrocycle 1.6, the preparation of compound 1.9 was, 
therefore, attempted.  
 
Figure 24. The proposed synthetic pathway for macrocycle 1.9, starting from compound 1.3. 
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Figure 25. Side-by-side comparison of analogous macrocycles 1.9 and 1.13. 
The first step of the proposed synthesis involves the preparation of compound 1.7 from 
1.3. This was successfully achieved through the protection of the benzophenone bridging 
carbonyl unit through formation of the dimethyl acetal derivative.  The preparation of an 
analytical pure sample was not, however, fully achieved, even after repeated chromatographic 
separations, as seen in the NMR data.   
The 1H NMR data, shown in Figure 26, shows significant changes in the aromatic region 
of the spectrum upon reaction.  The 1H NMR of the product showed the resonance for proton on 
the phenyl ring easily distinguished as singlet and shifted from the observed resonance at 7.92 
ppm in compound 1.3 to 7.68 observed for 1.7. The aromatic region between 7.1-7.4 ppm also 
showed a complex and unresolved set of resonances, as anticipated. The peak at 3.35 ppm, 
shown in Figure 27A, provides confirmation for the addition of the methoxy groups to the 
bridging carbonyl unit.  
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Figure 26. The aromatic region of the 1H NMR for compound 1.7. 
 
Figure 27. The 1H NMR (A), and the 11B NMR (B) for compound 1.7. 
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After all purification attempts, the desired product 1.7 remained somewhat impure, likely 
due to the presence of a small amount of a second product arising from the incomplete addition 
of the second methoxy group, creating the ether compound 1.7a, shown in Figure 28. The 
observation of a small peak, also near 3.5 ppm, although much smaller than the resonance from 
1.7, as well as the peak at 5.19 ppm, representative of a proton on the tertiary bridging carbon, 
suggests the formation of this impurity product arising from the incomplete addition and 
resulting in a tertiary bridging carbon instead of the quaternary bridging carbon, seen in both the 
carbonyl (1.3) and the dimethyl acetal (1.7) structures. As anticipated, the 11B NMR data, given 
in Figure 27B, shows no significant changes since the cage structure remains intact and in similar 
environments in both compounds 1.3 and 1.7. 
 
Figure 28. The proposed structure of compound 1.7a, arising from the incomplete acetal 
addition of compound 1.3. 
The 13C NMR data (Figure 29) of the impure product shows the complex spectra with 
multiple products in the aromatic region; however the peaks at 101.6 and 84.1 ppm are indicative 
of acetal (1.7) formation, and ether (1.7a) formation respectively. The disappearance of the peak 
at 193.8 ppm seen in the carbon NMR of compound 1.3 demonstrates the conversion of the 
carbonyl.  
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Figure 29. The 13C NMR of impure compound 1.7. 
Despite the fact that the product 1.7 was not completely purified, despite repeated 
attempts, it was determined that the product was sufficiently pure to move on and attempt the 
reaction steps that might lead to the formation of compound 1.8. The reaction to close the open 
structure in compound 1.7 to the closed macrocyclic structure 1.8, shown in Figure 30, follows 
essentially the same synthetic scheme as employed in the reaction for compound 1.11 from the 
m-carborane starting material. Using this approach and a similar synthetic procedure, the 
synthesis of the closed macrocycle 1.8 from compound 1.7 was attempted. 
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The addition of a bridging carbonyl and closure of the macrocycle (Figure 30A) was 
attempted using an analogous method to that we established in the synthesis of 1.11 (Figure 30B) 
through the use of phosgene. Because 1.7 employs a dimethyl acetal group to protect the 
benzophenone carbonyl, the lithiation of the unsubstituted cage carbon atom should 
preferentially occur. Following the lithiation of compound 1.7, phosgene dissolved in toluene 
and was added slowly drop wise in an attempt to insert a carbonyl subunit and close the structure 
to form the macrocyclic compound. NMR data collected from the reaction mixture are shown 
below in Figures 30 and 31. Repeated attempts at the purification and isolation of the product 
from this reaction by small-scale TLC, preparative TLC, and other methods were unsuccessful. 
Further characterization including FTIR and MS was not successful. 
 
Figure 30. Comparison of the reaction 1.7 to 1.8 (A), with the reaction of m-carborane to form 
compound 1.11 (B). 
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however, a noticeable reduction in the relative intensity of the cage C-H peak (Figure 31A) in the 
product NMR in comparison to the size of the methyl group of the acetal (Figure 31B).  
Although the smaller cage proton peak suggests that a reaction did occur at the desired cage-
carbon sites, little definitive can be inferred about what reaction did occur or if it formed the 
macrocycle 1.8.  Little change was also observed in the 11B NMR data between the starting and 
product materials, where the structural and electronic environments would, however, be expected 
to be quite similar between the product and reactant. In an attempt to determine if the addition of 
the carbonyl had occurred, a 13C NMR was performed on the impure product. However, the 
carbon NMR spectrum of compound 1.8 showed no change from the carbon spectrum for 
compound 1.7. No further analysis could be accomplished due to difficulties in purification and 
very small sample sizes. 
 
Figure 31. The 1H NMR (3-4 ppm) of compound 1.7 (A), and the product of the ring-closure 
reaction, proposed as compound 1.8 (B). 
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All work in the purification, isolation and structural confirmation of the product of the 
reaction to form compound 1.8 were unsuccessful due to the very small yields obtained and 
difficulties in effecting a separation of the products. Although work toward macrocycle 1.9 was 
ultimately unsuccessful, the successful demonstration of the conversion of ketone 1.3 to the 
dimethyl acetal 1.7 shows the potential utility of the protection process while keeping the 
benzophenone-bis-cage structure intact.  
1.4.3 Toward Macrocyclic Compound 1.13 
Given the synthetic difficulties encountered in the formation of the macrocyclic target 
compound 1.9, work on a modified target molecule, compound 1.13, was begun after a 
consideration of various possible synthetic pathways. The proposed synthetic pathway, shown in 
Scheme 3, for the formation of compound 1.13 from intermediate compound 1.12 involves the 
adaptation of two known literature reactions. The proposed first step is based upon a 1966 
reaction in which two o- and m-carborane molecules were bridged by two carbonyl groups to 
form a carborane-based macrocycle.17 The initial step in this known process involves the 
dilithiation of the o-carborane cage followed by reaction with 3 equivalents of phosgene to yield 
the o-carborane cyclic product 1.11a, as shown in Figure 32A. Also published in the same work 
was a similar process involving the m-carborane cage and was found to yield, the product 
compounds 1.11b and 1.11c, shown in Figure 32B.17 Because of the more favorable dilithiation 
of o-carborane, and the subsequent cyclic species (1.11a) being less strained compared to 
starting with m-carborane, 1.11a was successfully formed in 49% yield. However, starting with 
m-carborane failed to produce a closed cycle, producing instead 1.11b in 20% yield, and a 
trimerized product.17 The trimer 1.11c is important because it shows that linking two m-
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carborane molecules through this method is possible, even if their desired cyclic species did not 
form. These literature reactions were adapted for our use with a monolithated cage. 
 
Figure 32. Shows the literature reactions (A) o-carborane cycle 1.11a, and (B) the reaction of m-
carborane with phosgene to form compounds 1.11b and 1.11c.17 
 
Figure 33. The reaction of m-carborane and phosgene form the benzophenone analog 1.11. 
Because a similar reaction scheme was proposed for use in our system to bridge the m-
carborane cages at only one carbon on each cage, as illustration Figure 33 for compound 1.11, it 
was expected that a reasonable yield of the desired proton product would be achieved. The 
bridging of two m-carborane molecules with a single carbonyl (1.11) should be more favorable 
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than the published cyclic dicarbonyl compound 1.11a because compound 1.11a is a constrained 
closed cyclic compound with an anticipated significant level of strain. Additionally, this 
proposed reaction involving the formation of 1.11 should be able to be performed at higher 
concentrations than the conditions employed for the dilithio-m-carborane reaction since coupling 
at two points on the same molecule requires very low concentrations to avoid polymerization of 
the m-carborane, as reported in molecule 1.11c. 
Following the steps outlined in Figure 33, the synthesis of 1.11 proceeded first by a 
monolithiation of the cage, followed by the reaction of the product of this reaction with 
phosgene. This reaction was successful in creating the desired compound 1.11, with some 
additional minor side products. The reaction mixture showed significant changes in the 11B NMR 
data from the m-carborane starting material. Complete purification of the product 1.11, however, 
proved more difficult. 
Reference 14 reported compound 1.11a was purified by either vacuum sublimation or 
recrystallization from carbon tetrachloride, and compounds 1.11b and 1.11c were obtained as 
viscous liquids that were purified by vacuum distillation.17 
Based on these reports, several attempts at recrystallization of product 1.11 using various 
solvents and mixtures were tried, and ultimately proved unsuccessful. The product compound 
1.11 was found to sublime under vacuum and mild heat; however, the sublimation was very slow 
and inefficient. After several TLC attempts at finding a solvent mixture for the separation of the 
product, appropriate separation and purification was obtained on silica gel eluting with a 9:1 
hexane to ethyl acetate solution followed by sublimation to produce the pure product.  
The final sublimation was convenient for purification and is well known to occur for 
carboranes under vacuum using relatively mild conditions.41, 42 Several experiments employing 
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sublimation for the product purification were conducted. In these attempts, the crude product was 
placed in a flask and evacuated to a pressure of less than 10 mtorr. Sublimations were attempted 
at a range of temperatures under both static and dynamic vacuum. At 90°C under dynamic 
vacuum, the collected sublimate was determined to be entirely desired pure product while using 
a static vacuum of less than 10 mtorr and a temperature of 90°C, the GCMS analysis of the 
sublimate shows a mixture of m-carborane, the desired product 1.11, and a small amount of 
chlorinated m-carborane, an undesired side product. The purity of the sublimate from the 
dynamic vacuum compared to the static vacuum is attributed to the vacuum pump pulling off 
volatile impurities. Lower temperature sublimations were also conducted to try to remove 
smaller carborane products first before the sublimation of the desired product. Sublimations 
conducted as low as 55C still show the desired product as the major sublimate.  
The 1H NMR data, given in Figure 34, showed the characteristic unresolved B-H peaks 
ranging from 1-4 ppm, with the single cage C-H resonance at 3.03 ppm. The 11B NMR for 
compound 1.11 showed significant changes compared to the m-carborane starting material, since 
the asymmetrically substituted cage would be expected to produce six unique boron resonances 
compared to the four unique boron resonance seen with an unsubstituted m-carborane cage.   
While the observed 11B NMR spectrum for compound 1.11, given in Figure 34, shows only five 
visible boron peaks, it is very common to see overlapping peaks resulting in fewer than the 
expected number of resonances, as indicated by the shoulder on the peak at 9.1 ppm. This 
assignment was also confirmed by the integration of the peaks that displayed a relative ratio of 
1:1:4:2:2. Based on the symmetry of the desired product, the 11B NMR should show 6 peaks in a 
1:1:2:2:2:2 relative ratio. 
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The 13C NMR data for compound 1.11, given in Figure 35, showed a resonance for the 
bridging carbonyl carbon at 168.33 ppm with resonances for the cage carbons at 55.2 and 67.8 
ppm, as anticipated from other substituted cage carbons.43, 44 From the spectrum of the starting m-
carborane in which the cage carbons are observed at 55.6 ppm, it was, therefore, determined that 
the resonance at 55.2 ppm was most likely due to the C-H cage carbon while the peak at 67.8 
ppm was assigned to the carbonyl substituted cage carbon. The peak at 71.5 ppm in the minor 
impurity product was attributed to a cage carbon C-Cl bond. This peak could also be attributed to 
incomplete addition, leaving a cage carbon substituted with a carboxylic acid or an acid chloride 
group, as reported at 73.4 ppm in m-carborane-1-carboxylic acid.43 However, based on the 
evidence seen in the mass spectrum and FTIR spectrum, this seems unlikely. 
 
Figure 34. The 1H NMR (A), and the 11B NMR (B) of compound 1.11. 
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Figure 35. The 13C NMR spectrum of compound 1.11. 
The mass spectrum of the pure product 1.11 shows the expected molecular ion envelope 
centered at m/z 313, as shown in Figure 21. An isotopic distribution calculation for the parent 
envelope, data given in Table 11, corresponded well with that calculated using an isotope 
distribution calculator,25 with the exception that the experimental MS envelope showed a base 
peak at m/z 313, while calculations showed the base peak at m/z 314. This is typically seen in 
cluster compounds and results from cage hydrogen loss reactions from the B-H units in the mass 
spectrometer. 
The FT-IR spectrum of compound 1.11, shown in Figure 37, further confirms the product 
with B-H stretching vibrations at 2614 cm-1 and the carbonyl absorption at 1712 cm-1. This is the 
first known inorganic analog of benzophenone involving dicarbadodecaborane units replacing 
the benzene groups. 
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Figure 21. The mass spectrum of compound 1.11. 
 
 
Table 2. The isotopic distribution for the molecular ion peak for both measured and calculated 
values of 1.11. Calculations performed using online methods.25 
Peak 
m/z 
Measured Relative 
Abundance 
Calculated 
Data 
310 59.2 9.7 
311 80.3 24.1 
312 95.0 48.8 
313 100.0 79.0 
314 88.7 100.0 
315 63.0 95.3 
316 35.3 64.3 
317 13.4 27.4 
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Figure 37. The FT-IR spectrum of compound 1.11.  
In the course of exploring the necessary conditions for the reactions to produce 
compound 1.11, a new side-product was isolated. Although the first reactions attempted 
produced the desired product with few side products, the yield remained relatively low for a 
multistep synthetic pathway. During one experiment, a large excess of triphosgene was added 
and the results showed very little of the desired product generated with the formation of many 
side products. Purification by chromatography using silica gel failed to separate the desired 
product from this complex reaction. During the purification process, however, the slow 
evaporation of 1:1 hexane to dichloromethane solution produced of crystals of a reaction 
byproduct suitable for an XRD single-crystal structural analysis.  
The X-ray single-crystal diffraction study of the crystallized product from the large 
excess of triphosgene reaction showed the formation of an unexpected three-carborane cage 
structure (1.11d), shown in Figure 38. Unfortunately, the diffraction data was not good enough 
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for complete refinement of the structural determination due to poor crystal quality. The XRD 
data did, however, provide strong support for the three-cage structure.  
 
Figure 37. The proposed structure of compound 1.11d. . 
The molecular structure of compound 1.11d determined in the crystal structure shows 
that this three-carborane structure would have a mass of 486 amu. The structure form found in 
the x-ray diffraction study was indeed supported by the analysis of the mass spectrum. The 
GCMS (Figure 39) for compound 1.11d shows a molecular ion peak at m/z 486. The base peak 
at m/z 171 can be explained by the cleavage between the carboxylate carbon and the bridging 
oxygen. Any cleavage between a cage carbon and non-cage carbon will lead to m/z 142, 
representative of a single cage. This cleavage would also create a fragment that was observed at 
m/z 343. The fragment at m/z 296 is believed to arise from a cleavage between the carboxylate 
oxygen and the carbon bridging the two m-carborane cages. This fragment should have a mass of 
299, but the difference between the measured mass of 296 can be explained by cage hydrogen 
loss.  
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Figure 39.  The mass spectrum of compound 1.11d. 
It is believed that the carboxylate linked tris-cage side product was a result of a larger 
than required concentration of phosgene in the reaction mixture. During subsequent reactions, 
phosgene was used as the limiting reagent and was slowly dripped as a solution into the reaction 
over a period several hours instead of adding the entire aliquot in one injection. Results showed 
that these changes produced a much cleaner reaction and higher yield of the desired 1.11 
product. Although compound 1.11d is an undesired side product, it does provide additional 
confirmation that during the reaction of m-carborane with n-BuLi and phosgene, the initial 
lithiation of m-carborane is happening as the desirable monolithiation. 
The bromination reaction of 1.11, shown in Figure 40, to form the dibrominated 1.12 
species followed the analogous literature precedent for the bromination reaction of 
benzophenone to form 3,3’-dibromobenzophenone, as shown in Schemes 1 and 3,14, 15 and was 
employed for the preparation of 1.12 with only minor changes where the m-carborane 
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benzophenone analog 1.11 was used as the starting material for the reaction. Because the 
published reaction was performed neat where the bromine acts as both a solvent and reactant, 
several attempts were made to use this procedure. In one attempt, the procedure was followed 
except that chloroform was used as a solvent.  This approach produced no reaction and with only 
starting materials observed in the GCMS analysis. Another attempt was performed neat with an 
excess of bromine to act as both reactant and solvent. This produced both the monobrominated 
and dibrominated products, compounds 1.12b and 1.12, but in very small yields. A GC/MS 
analysis showed the monobrominated 1.12b, formed in a 10-12% relative yield (R.A.) to the 
starting material and the dibromominated 1.12 product formed in a 7-8% relative yield. Another 
attempt used a large excess of bromine and the reaction mixture was allowed to stir for a 
significantly longer time. The GC of the reaction mixture showed the dibromo 1.12 compound as 
the major product with the mono-brominated product formed in 7-9% R.A. Additionally, only a 
small amount of starting material was observed, 5-6% R.A. A slightly larger amount, 13-15% 
R.A., of a tribrominated product, however, was also produced. 
 
Figure 40. Compares the reactions from (A) literature (Reference 12), to (B) the borane analog. 
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Characterization of compound 1.12 was performed using 1H and 11B NMR, GC/MS and 
FT-IR.  The NMR data showed important changes between the starting compound 1.11 and the 
isolated product 1.12. The 1H NMR of compound 1.12, given in Figure 41, shows an unresolved 
complex spectrum in the region from about 2.0 to 4.0 ppm, representative of the cage B-H 
protons. Of note is the disappearance of the cage C-H protons, indicative of complete 
substitution at the cage carbons. 
The 11B NMR, given in Figure 41, shows five separate resonances similar to the starting 
material but in a very different pattern observed for compound 1.11. The resonances observed for 
compound 1.12 integrate to a 1:3:2:2:2 ratio. Given the proposed structure of 1.12, the 11B NMR 
spectrum should display six peaks in a 1:1:2:2:2:2 ratio. The difference between the predicted 
and observed spectra can be explained by considering that the peaks for two inequivalent boron 
atoms are overlapped.  This is consistent with the observed integration in the spectrum of the 
product. 
The 13C NMR for compound 1.12, given in Figure 42, shows all three unique carbon 
resonances that are shifted to higher field relative to the starting material. The 13C resonance for 
the carbonyl carbon is shifted approximately 4.1 ppm to higher field, from 168.3 ppm to 164.2 
ppm. The cage carbon bridged by the carbonyl unit is shifted approximately 16 ppm to higher 
field to 52.0 ppm relative to compound 1.11. Finally, the resonance for the brominated cage 
carbon displayed the largest relative change of approximately 24 ppm to higher field at 31.0 ppm 
relative to compound 1.11. All of these shifts are consistent with the expected effects of bromine 
cage carbon substitution on a bridged bis-carborane cage framework.  
The FT-IR spectrum for compound 1.12, given in Figure 43, showed relatively minor 
changes with cage B-H stretch observed at 2622 cm-1 and the carbonyl stretch at 1735 cm-1. A 
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new, strong peak was also observed at 1263 cm-1 and is characteristic of a C-Br stretching 
vibration.  
 
Figure 41. The 1H NMR spectrum (A), and the 11B NMR spectrum (B) of compound 1.12. 
 
Figure 42. The 13C NMR of compound 1.12. 
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Figure 43. The FT-IR spectrum of compound 1.12. 
The three isolated products, monobrominated 1.12b, dibrominated 1.12, and 
tribrominated 1.12c, were each characterized by mass spectrometry, as shown in Figure 44. The 
monobrominated product showed a molecular ion envelope centered at 393 (313+80), the 
dibrominated showed the parent envelope at m/z 471 (393+78) and the tribrominated showed the 
parent envelope at m/z 551 (471+80). The M and M+2 peaks typically seen in brominated 
compounds were not resolved because of a complex twenty boron atom isotopic envelope. For 
each compound, the molecular ion peak was also observed to be the base peak of the spectrum.  
The observed isotopic abundances for the parent envelopes corresponded well with the 
calculated isotopic distributions. 
The mass spectrum of the dibrominated compound 1.12 shows major fragment envelopes 
at m/z 221 and 250, corresponding to fragments from the brominated cage, and the disubstituted 
cage with an attached bromine and carbonyl. This confirms that fragmentation between the cage 
and the carbonyl is still the most likely primary cleavage point. The loss of a bromine atom from 
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the compound can also be seen in the mass spectrum at m/z 390. The loss of both bromine atoms, 
however, was not readily observed and it presumably occurs in negligible amounts. The isotopic 
distribution analysis for the molecular ion envelope is given in Table 12. The comparison 
between the observed isotopic ratio and the calculated distribution is fully consistent with the 
proposed structure and displayed the expected hydrogen loss resulting in the higher than 
calculated intensities observed for the larger mass fragments. 
Although the observed mass spectrum for the dibrominated product confirmed the 
stoichiometry of the product, the MS was not able to confirm the specific location of the bromine 
substitution. The formation of a tribrominated product required the bromination of one cage 
boron atom since there are only two cage carbons that would be available to add a bromine. 
While Pearson saw even tetra-bromination under certain conditions,15 in the carborane analog the 
third bromine addition would have to add to a boron, although the specific location of the boron 
vertex on the cage where the bromine substitution occurred would be difficult to determine. It is 
expected, however, that the preferential bromination sites would indeed first be the two cage 
carbon sites. 
 
Table 3. The observed mass spectral isotopic distribution for 1.12 and the calculated distribution 
based upon isotopic abundances.25 
Peak 
m/z 
Measured Relative 
Abundance 
Calculated 
Data 
468 50.0 21.8 
469 68.9 41.3 
470 87.0 65.8 
471 100.0 88.3 
472 95.4 100.0 
473 83.2 95.3 
474 60.5 75.6 
475 34.9 49.0 
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Figure 44. The mass spectral comparison of: (A) the monobrominated 1.12b, (B) the 
dibrominated compound, 1.12, and (C) tribrominated compound 1.12c. 
The synthetic sequence for the final preparation of target compound 1.13 was modeled 
upon the synthetic pathway based upon coupling two benzophenone units together. In this 
strategy, coupling 3,3’-dibromobenzophenone 1.1 with 1.10 yields the macrocycle compound 
1.14 where the two benzophenone units are coupled at the 3 and 3’ positions, as illustrated in 
Figure 45. This strategy employed the palladium-mediated coupling reaction of a bis-boronate 
substituted benzophenone unit with a dibromobenzophenone unit to form the macrocycle. Thus, 
after formation of the 1.10, a 1 molar equivalent of dibromobenzophenone was added to couple 
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the bis-boronate substituted benzophenone to the other benzophenone ring system. Literature 
precedent showed that several similar coupling reactions are also known.21, 22, 45 These literature 
reactions and the macrocycle synthesis for compound 1.14 are shown in Figure 45 for 
comparison. 
 
Figure 45. Schematic showing relevant known literature reactions (A45 and B21, 22) and the 
macrocyclic coupling reaction to form 1.14, the model analog for the designed target compound 
1.13.  
In order to become familiar the experimental procedures involved with these organic 
coupling reaction, the reaction of the bis-boronate substituted benzophenone unit with 
dibromobenzophenone in the formation of compound 1.14 was explored – partially because it 
was deemed important to understand the reaction parameters before attempting it with the 
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relatively difficult to prepare borane-cage analog compound. A modification of this known 
reaction was also explored to “simulate” the synthetic steps that would be necessary for the 
borane analog reactions. Since this was successful, we were able to demonstrate a new method 
for the formation of compound 1.14 itself.  
Compound 1.14, the organic analog of target compound 1.13, has been previously 
prepared through a Grignard reaction.46 The new method that we employed instead accomplished 
the macrocyclic ring closure through a Suzuki coupling reaction. In addition to developing a new 
synthetic route, several previously unpublished characterizations of compound 1.14 that are of 
interest were obtained. In addition, crystals were prepared of compound 1.10 from the slow 
evaporation of a dichloromethane/ hexane (1:1) solution, and crystals of compound 1.14 by slow 
evaporation of a dichloromethane solution. The x-ray crystallographic structural determination 
was successful in producing a crystal structure of compound 1.10 (Figure 5) and 1.14 (Figure 6) 
confirming macrocycle formation. Although the synthetic procedure employed is normally done 
as a one-pot synthesis, the isolation of the diboronate ester 1.10 was also successful in 
subsequent reactions. 
Compound 1.10 was characterized by both proton and carbon-13 NMR data, and the 1H 
NMR is given in Figure 46. The two doublets observed in the phenyl rings were significant 
shifted relative to the starting material, with one resonance shifting left approximately 0.25 ppm 
and the other shifting downfield by approximately 0.15 ppm. These changes cause the two 
doublets to be observed approximately 0.15 ppm apart, as compared to the two doublets 
observed in compound 1.1 being 0.05 ppm apart. Additionally, the methyl peak on the boronate 
can be seen as a singlet at 1.34 ppm. The four aromatic peaks, along with the methyl peak, show 
an integration ratio of 1:1:1:1:12, providing supporting evidence that there was a double 
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substitution of the boronate on the benzophenone backbone. The 13C NMR spectrum given in 
Figure 47, shows the resonance for the carbonyl carbon at 197.1 ppm, the resonances for the 
carbons of phenyl ring between 138.56 and 127.7 ppm, the boron ester carbon resonance at 84.1 
ppm, and the methyl carbon resonance at 24.9 ppm.  
The Crystal structure of compound 1.10 confirmed a benzophenone structure with 
boronate esters attached at the 3- and 3’-positions. Unlike the crystal of compound 1.3 (Figure 
4), the boronate groups are pointed opposite the carbonyl, not away from it.  While the phenyl 
rings remained flat as seen by the near zero dihedral angle, the crystal structure confirms 
significant torsion in other areas. The rings are twisted approximately 20-25° from planer forcing 
one boronate group in the positive z-direction, and the other boronate group in the negative z-
direction. This is not surprising since the bulkiness of the boronate groups was expected to have 
interactions with each other. 
The unit cell of compound 1.10 was determined to be monoclinic in the P21/n space 
group. Having two 90° angles, and third angle of 102.9°, and dimensions of 12.4, 10.5, and 19.0 
Å, the unit cell of compound 1.10 shares a space group and has a very similar size to that of 
compound 1.3. 
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Figure 46. The 1H NMR of compound 1.10. 
 
Figure 47. The 13C NMR spectrum for compound 1.10. 
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Although the model macrocycle 1.14 has previously been reported,46 there is surprisingly 
only one literature report of the compound and the spectral analysis reported is quite incomplete. 
Voglte reported compound 1.14 in 1990 and, although MS and IR results were given, there was 
no 13C NMR data and unsatisfactory 1H NMR data (the spectrum was run in CD2Cl2 using a 200 
MHz NMR instrument).46 For our purposes, the NMR analysis of compound 1.14 was done in 
CDCl3 and employed a 400 MHz NMR instrument. The 1H NMR, given in Figure 48, shows a 
relatively large deshielding of the resonances when compared to both compounds 1.1 and 1.10, 
and is consistent with the literature. The13C NMR, given in Figure 49, had not previously been 
reported and showed the carbonyl resonance at 193.3 ppm, and the aromatic resonances were 
observed between 141.8 and 129.2 ppm. 
 The solid probe mass spectrum shows the molecular ion peak and base peak as m/z 360. 
A biphenyl fragment can be seen at m/z 152. The FT-IR spectrum shows strong peaks at 728, 
1321, and the carbonyl peak at1655 cm-1. Both the MS and IR spectra correspond well to the data 
previously reported.46 
Although the crystallographically determined molecular structure of compound 1.14 
confirms the closed macrocyclic structure, it also shows the molecule is under significant strain. 
Measured bond distances showed an elongation of one of the two carbonyl-phenyl bonds, the 
C1-C2 distance was measured at 1.415 Å, while the C1-C8 is 1.515 Å. There is also elongation 
in the phenyl-phenyl bond, at 1.575Å compared to 1.48 Å seen in biphenyl.47 While the phenyl 
rings in compound 1.10 were near planar, the strain in compound 1.14 forced the rings to bend 
approximately 5°. Additionally, the 20-25° twist in the carbonyl-phenyl bond seen in compound 
1.10, can be seen in compound 1.14 as well. The strained structure can been seen in Figure 7 on 
page 36. The unit cell for compound 1.14 is monoclinic in the I2/a space group, with two angles 
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at 90° and the third at 118°. The dimensions of 21.8, 3.8 and 23 Å show the unit cell is wide and 
near square, but also fairly flat.  
 
Figure 48. The 1H NMR spectrum of compound 1.14. 
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Figure 49. The 13C NMR spectrum of compound 1.14. 
Synthetic work on target compound 1.13 proceeded based upon the successful formation 
of the model macrocycle benzophenone analog 1.14. Literature precedent showed that the 
desired Suzuki coupling is often run as a one-pot synthesis, forming both the boronate 
intermediate and the final desired product in a two-step, one-reaction process.21, 22 Following this 
precedent, coupling the dibromobenzophenone with compound 1.12, as illustrated in Figure 50, 
to form macrocycle 1.13 was performed many times with varying results. 
In an attempt to produce an excess of compound 1.10 before adding the carborane 
compound, a 2.6 molar equivalent of benzophenone was used compared to the added carborane. 
Because of the excess of compound 1.1, the major reaction product was determined to be the 
benzophenone coupled compound, 1.14. Additional conditions contributing the formation of 1.14 
over the desired target could be the relatively small amount of carborane used (16 mg) and the 
concentrations of the reactants employed. Another approach used essentially the same procedure 
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but altered the molar equivalent of benzophenone from 2.6 to 1.1, still with the benzophenone 
remaining in slight excess. Again, this set of conditions produced mostly compound 1.14.  
 
Figure 50. The proposed reaction coupling compounds 1.1 and 1.12 through the boronate 
intermediate compound 1.10. 
Following the conclusion that the major product being formed from the two previous 
reactions attempts was 1.14, it was determined that removing the excess of 1.1 could help 
alleviate the problem of the undesired product formation. For this reaction, 1.1 and 1.12 were 
used in a direct 1:1 molar ratio, and reaction solution was much more dilute, and the reaction was 
allowed to stir for 3 days instead of 16 hours. The crude product showed significant changes 
compared to 1.1 and 1.12. Purification was performed by silica gel column chromatography 
using 6:1 hexane and ethyl acetate.  
The 1H NMR data, shown in Figure 51, where the aromatic region showed no significant 
change with shifts of less than 0.01 ppm compared to that of the undesired product 1.14. 
However, the NMR shows significant changes to in the 0-4 ppm region, showing a broad 
unresolved spectrum indicative of a borane structure.  
 The 11B NMR spectrum (Figure 51) of the reaction product showed four peaks, -5.6,       
-6.1, -13.5, -21.7 ppm, and integration of the peaks shows a 1:1:2:1 ratio. An asymmetrically 
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substituted carborane, which is expected, should show a 1:1:2:2:2:2 ratio, suggesting a relatively 
symmetrically substituted cage. 
 
Figure 51. The 1H NMR (A) and 11B NMR spectra (B) from the major product in attempt to 
couple compounds 1.10 and 1.12. 
There were several problems with spectroscopic confirmation for the formation of 
compound 1.13. Several attempts for the mass spectral confirmation of the product, including 
solid probe MS, MALDI, and LCMS, have all been unsuccessful in producing interpretable data. 
No MS method tried thus far has produced a compound with a boron envelope. This is in direct 
contrast; however, to the 11B NMR data observed that clearly shows the presence of the intact 
carborane cage, suggesting that compound 1.13 may not be surviving the ionization process of 
the thermal treatment of the heat probe.  
Confirmation of compound 1.13 was also attempted through X-ray diffraction. X-ray 
quality crystals were isolated from the reaction mixture by slow evaporation from toluene but 
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were found to be 9,10-dibromo-m-carborane instead of the desired product (Appendix A). Based 
on the NMR data and the crystallography result, it is believed that there were multiple 
compounds running at the same Rf on the column. 
Chromatographic attempts to separate the components of the reaction mixture was 
successful using column chromatography and employing a 9:1 hexane to ethyl acetate and a 
silica gel weight ratio greater than 100:1.  None of these compounds isolated, however, proved to 
be the desired macrocycle 1.13. Instead, the isolated products showed to be macrocycle 1.14, and 
9,10-dibromo-m-carborane (1.12a).  Other chromatographic fractions were mixtures and/or were 
not isolable. 
The literature shows that 9,10-dibromo-m-carborane is formed from a reaction of AlBr3 
and Br2 in carbon disulfide.27 This reaction (Figure 52A) is analogous to the reaction used to 
produce 1.12 (Figure 52B). It is, therefore, suggested that the formation of 9,10-dibromo-m-
carborane (1.12a) arises as a minor impurity of m-carborane in an analogous fashion in the 
product of 1.11 when it was carried on to the bromination. Although much about compound 
1.12a has been published,26-28 including the crystal structure,28 our crystal formed from the slow 
evaporation from toluene while the published structure was formed by the evaporation from a 
heptane, carbon tetrachloride or cyclohexane solution.27 This difference in the choice of a 
crystallization solvent led to a different crystal lattice assumed by the compound. The full 
crystallographic data and comparison to the published structure are provided in the Appendix A. 
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Figure 52. The comparison of (A) the published reaction to form 1.12a,27 to (B) the reaction to 
used in the formation of 1.12. 
Another strategy was explored in the synthesis of 1.13, again using an exact 1:1 mole 
ratio of 1.1 and 1.12, but was run at very high dilution to facilitate macrocyclic ring closure. 
While previous reactions to produce 1.13 were run at approximately 0.01 molar, this attempt 
used a 0.004 molar solution.  This reaction was also unsuccessful in producing any demonstrable 
amount of the desired product. Purification of the reaction mixture by column chromatography 
using 9:1 hexane to ethyl acetate again produced mostly a mixture of 1.10, 1.14 and unreacted 
1.12. 
Another reaction strategy was also explored where, instead of running the reaction as a 
one-pot synthesis per literature percedent21, 22 and the successful formation of the model 
macrocycle 1.14, the diboronate intermediate product 1.10 was first synthesized, isolated and 
purified before reacting further. The purified compound 1.10 was then used in a direct coupling 
reaction with the dibromo-m-carborane. The reaction mixture showed significant changes in the 
NMR spectra. TLC using 9:1 hexane to ethyl acetate showed incomplete separation, but several 
compounds with similar Rf values near the solvent front, along with several compounds with 
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similar Rf nearer to the starting point, were observed. A silica column was employed to partially 
separate the mixture by separating together the compounds with similar Rf from those with 
noticeable different Rf, the compounds with Rf values nearer to the solvent front are column 
fraction 1, and the compounds with Rf values nearer to the starting point are column fraction 2. 
The 11B NMR spectra of both column fractions of compound 1.13 shown in Figure 53, 
are problematic because of the concentration of the sample. However, it can be seen that fraction 
2 (Figure 53B) looks quite similar to a typical asymmetric carborane spectrum. Also of note is 
the disappearance of the peaks at approximately 20 ppm seen in the starting carborane compound 
(1.12) suggesting a significant change in the structure of the carborane cage.  
 
Figure 53. The 11B NMR spectra of compound 1.13 column fraction 1 (A) and fraction 2 (B).  
The aromatic region of the 1H NMR is given in Figure 54 for fraction 1 (near the solvent 
front), and Figure 55 for fraction 2 (near the starting point). Both fractions could not be further 
purified, however, although fraction 2 appears to be the cleaner of the two fractions. Compounds 
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1.10 and 1.14 can still be seen in both fractions, however, there is clear evidence in both fraction 
1 and 2 take other reactions have occurred.  
The 13C NMR (Figure 56 for fraction 1 and Figures 57-58 for fraction 2) shows very 
clearly that the carbonyl resonance observed in compound 1.10, seen at 197.1 ppm, is not present 
in the spectrum for fraction 1, while peaks are observed at 197.1 ppm and 196.7 ppm in the 
spectrum of fraction 2. This would indicate that fraction 1 does not contain any benzophenone-
based structure, while fraction 2 contains at least some of 1.10 with an additional new carbonyl 
peak. Additionally, it is possible that the peak at 156.1 ppm corresponds to the cage carbonyl 
peak. This resonance, seen at 168.3 ppm in 1.11 and 164.3 ppm for 1.12, appears right shifted 
due to the electron withdrawing groups, such as bromine, on the meta-cage position. Therefore, 
benzophenone, a big electron-withdrawing substituent, would right shift this resonance even 
more so than the bromine seen in compound 1.12. This analysis is supported by the shift of the 
carbonyl carbon from 194.1 ppm to 193.3 ppm, in the analogous organic compounds 1.1 and 
1.14 respectively. The peak at 60.2 ppm is suggested to be a cage-carbon resonance; however, 
the location of the second cage carbon remains undetermined.  
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Figure 54. The aromatic region of the 1H NMR spectrum for compound 1.13 column fraction 1. 
 
Figure 55. The aromatic region of the 1H NMR spectrum for compound 1.13 column fraction 2. 
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Figure 56. The 13C NMR spectrum for compound 1.13 column fraction 1. 
 
Figure 57. The 13C NMR spectrum for 1.13 column fraction 2. 
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Figure 58. The 13C NMR spectrum from 80-170 ppm for compound 1.13 column fraction 2. 
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Figure 59. Solid probe MS, total ion count for (A) compound 1.13 fraction 1, and (B) compound 
1.13 fraction 2.  
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The solid probe mass spectral data for the reaction mixture, shown in Figure 59, provides 
little evidence in support of either fraction containing the desired structure. Based on the data, 
fraction 1 appears to be a possible partially polymerized product. As with previously run mass 
spectrum for compound 1.13, it is concluded that the solid probe thermal profile may be too hot 
and that 1.13 decomposes in the probe.  
Evidence for the synthesis of the desired macrocycle (1.13) is still being gathered, 
although at this time based on the NMR spectra. It is possible that the product has been made 
although in low yield and unconfirmed. Additional methods of purification need also be 
performed.  
1.4.4 UV-Visible Spectrophotomic Study of Relevant Compounds 
One goal of this research was to produce a macrocycle with significant absorption in the 
visible and near IR regions. The UV absorbance of the prepared species, however, is still of 
interest. Because of its broad absorption spectrum in the UV region, benzophenone is used in a 
wide range of industrial applications requiring ultraviolet light absorption. Understanding a 
molecule’s absorption spectrum can give important clues into its electronic behavior and 
structure. In UV-Visible spectroscopy two categories of electronic transitions can be seen, these 
are π to π* and n to π*. In π to π* transitions an electron in a π-orbital is excited to the higher 
energy π* (anti-bonding) orbital. In n to π* transitions an electron in a non-bonding orbital is 
excited the π*-orbital. Usually the more conjugated a molecule, the further red shifted it will be. 
An example of this can be seen in Figure 60, where the observed λmax is approximately 180 nm 
for benzene, 220 nm for benzoic acid, and 253 nm for benzophenone.48 This occurs primarily 
because π-conjugation adds to the number of possible electronic states and to the number of 
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electrons in π-orbitals, thus creating a smaller π to π* gap, and the ability to absorb longer 
wavelength (lower energy) photons.  
  
Figure 60. The structure and max absorption for benzene, benzoic acid and benzophenone.48 
It has been reported that for benzophenone the π to π* transition is responsible for the 
absorption band observed approximately from 220-360 nm including the maximum at 253 nm.49 
If the maximum absorption peak in benzophenone is caused from the π to π* electronic 
transition, then the strong π-conjugation throughout benzophenone is the major contributor the 
electronic states at 253 nm. Since the π to π* transition at 253 nm is the main electronic 
transition in benzophenone, in derivatives of benzophenone a red shift should be seen when 
adding to the π-conjugation, and a blue shift should be seen when disrupting the π-conjugation. 
 The absorption wavelength maximum for the new benzophenone-based compounds is 
given in Table 13. Figure 61 shows the comparison from the starting material, benzophenone, to 
the synthesized intermediates compounds 1.1 and 1.3. The slight red shift in the absorption 
wavelength maximum for 3,3’-dibromobenzophenone (1.1) and compound 1.3, 2 nm and 3 nm 
respectively, compared to benzophenone indicate that the substituents have very little effect on 
the overall π-orbital electronic states. 
The comparison for benzophenone and the benzophenone macrocycle 1.14 can be seen in 
Figure 62. Compared to benzophenone, an 18 nm blue shift seen in macrocycle 1.14. This can be 
OH
O O
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benzophenone
λmax = 253 nm
benzene
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attributed to very strained nature of the macrocyclic compound. The strong torsion causes a 
disruption in the π-conjugation because the entire molecule is twisted causing disruption of the 
planar nature of the π-bonds. 
Figure 63 compares the UV absorption spectrum for m-carborane starting material, the 
carborane analog of benzophenone, compound 1.1, and the dibrominated compound 1.12. All 
three compounds have an absorption wavelength maximum beyond 230 nm, which is the 
acceptable low wavelength range for dichloromethane, the solvent used.  
 
Table 13. Comparison of the λmax values for relevant compounds. Compounds listed as λmax 230 
nm were out of the range of the spectrum with the given solvent. 
Compound 
Name 
λ max 
(nm) Shoulder (nm) 
benzophenone 253 N/A 
1.1 255 292 
1.3 256 N/A 
1.14 235 262, 296 
m-carborane 230 N/A 
1.11 230 N/A 
1.12 230 N/A 
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Figure 61. The UV absorption spectra for benzophenone (blue), 3,3’-dibromobenzophenone 
(1.1) (red), and the biscarborane 1.3 (green). 
 
Figure 62. The UV absorption spectra for benzophenone (blue), 3,3’-dibromobenzophenone 
(1.1) (red), and the macrocyclic compound 1.14 (green). 
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Figure 63. The UV absorption spectra for m-carborane (blue), the m-carborane analog of 
benzophenone, compound 1.11 (red), and the dibrominated compound 1.12 (green). 
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1.5 Conclusion and Future Work 
Work toward the synthesis of carborane-based macrocycles has been very synthetically 
challenging for a number of reasons. Low yields from many reactions, especially double 
substitution reactions, difficulties with air and water sensitive reactions, the necessity to add 
steps to protect certain functional groups, difficulties with purification of carborane cage 
compounds, and the difficulty in confirming complex carborane structures are some of the 
reasons that the syntheses of the designed targets have been problematic. Although difficulties 
remain in the synthesis of target molecule 1.6 (Scheme 1), this target should continue to be 
pursued in the future. As demonstrated in pursuit of macrocycle 1.9, the carbonyl on 1.3 may be 
protected by conversion to the dimethyl acetal derivative. Subsequent reactions should be able to 
direct nucleophilic attack at the cage carbon. This would open the possibility of continued 
pursuit of targets 1.6 and 1.9. Just as compound 1.3 was seen as the split between synthetic 
schemes 1 and 2, it has been shown the carbonyl protected 1.7 should be used as the synthetic 
branching point in the future (Figure 64).  
 
Figure 64. The future synthetic routes to macrocycles 1.6 and 1.9. 
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The synthesis of target compound 1.13 has likewise been very difficult. This research has 
provided good evidence that the precursor building blocks 1.10 and 1.12 can be made 
successfully. Additionally, through the synthesis of model compound 1.14, we have shown that 
Suzuki coupling as a means of forming a macrocycle is a justified approach. While new 
macrocyclic formation has not yet been successful, this research has made significant 
advancements in laying the groundwork for the future synthesis and application of this class of 
molecules.  
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Chapter 2 
Thiophene and Polythiophene Functionalization of Boron Nitride Nanosheets (BNNS) for 
Applications in Photovoltaics 
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2.1 Introduction 
Photovoltaic cells are found in many different forms; however, the fundamental 
principles underlying the operation of all photovoltaic cells are essentially the same: a photon 
must be absorbed by a material where it is then converted from light energy into usable electrical 
energy.  
Research into the development of dye-sensitized solar cells has opened the door to an 
expanding new generation of photovoltaic materials. The original concept of a light absorbing 
dye attached to a semiconductor, normally titanium dioxide, has proven to be a relatively facile 
and inexpensive method of generating electrical current from light energy. The current state of 
the art for DSSCs, however, leaves much to be desired and will require new approaches for 
incorporating new materials to improve operability and efficiency of the system. One current 
approach involves the use of polythiophene-based polymers as the light sensitizer in modified 
DSSC systems.50-56 Based on the conjugation throughout the polythiophene polymer backbone, 
current research focuses the tuning of polythiophene derivatives for strong absorption in the 
visible spectrum. This allows these new polymers to act as a photosensitizer and be the primary 
light absorber in DSSC systems.  
Polythiophenes, polymers made from thiophene or thiophene derivative building blocks 
(Figure 65), are highly conjugated molecules that fall into a class of organic polymers known as 
conducting polymers. Other major types of conducting organic polymers include polyacetylene 
and polyphenylene. One of the simplest conducting polymers is polyacetylene, a polymer made 
from repeating C2H2 units. Polyacetylene is considered to be the first explored conducting 
organic polymer and, although there are limitations to its commercial use, it is still considered an 
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important organic semiconductor material.55, 57 Polyphenylene is made from repeating phenyl 
ring units and is often derivatized with conjugated species, both as part of the polymer backbone 
itself and as pendent groups. Polyphenylenes are best known for their application as organic light 
emitting diodes and as photosensitizers in solar cells.55, 58 
 
Figure 65. The structure of thiophene, thiophene derivatized in the 3-position, and basic forms 
of polythiophene, polyacetylene and polyphenylene. 
The most common form of polythiophene consists of a chain polymerized through the 
two carbons immediately adjacent to the ring sulfur atom. This leaves the 3- and 4-position 
carbons of the ring system available for substitution via the attachment of various pendent 
groups, allowing a degree of tailored functionalization possible for the thiophene polymer. It is 
the strong conjugation through the thiophene units along the polymeric backbone which allows 
the polymer to be conductive.59, 60 This conjugation in principle may also be extended into the 
pendent groups, depending upon the choice and structure of the pendent group. Although recent 
synthetic work involving the preparation of several examples of conducting polymers, including 
polythiophenes, has been explored as the light sensitizer to absorb and transfer light to the 
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semiconductor material, the unsubstituted polymers alone have lacked suitable absorption 
capabilities throughout the visible spectrum. This has limited their utility as alternative 
candidates to replace the current ruthenium-based dye-sensitizers.50-54 One possible new approach 
to overcome some of these limitations, however, has been to use the conductive polymers as 
sensitizers in conjunction with other light absorbing nanomaterials. Several nanosystems have 
been explored in this capacity, 51, 52, 61 including the use of hexagonal boron nitride (h-BN) 
nanomaterials previously studied in our group.56 In this work, several polythiophenes with alkyl 
carboxylic acid pendent groups were shown to stabilize and functionalize exfoliated h-BN 
through non-covalent interactions of the thiophene backbone on the h-BN surface. These 
complexes were then coordinated to TiO2 nanoparticles, creating hybrid nanosheet-polymer-TiO2 
structure prototypes.56, 62    
Boron nitride is a material composed of a regular array of boron and nitrogen atoms 
(Figure 66). Boron nitride structures may also be thought of as isoelectronic and isostructural 
analogs of carbon-based nanostructures, such as carbon nanotubes and graphene, while 
maintaining some unique properties differentiating them from the well-known carbon-based 
system.  
 
Figure 66. The alternating boron-nitrogen structure of h-BN. 
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Graphite is a common allotrope of carbon composed of stacked sheets of carbon atoms in 
a hexagonal arrangement, with a single sheet of graphite referred to as graphene. The boron 
nitride analog, hexagonal boron nitride, has a quite similar stacked sheet structure where each 
boron nitride nanosheet (BNNS) contains the hexagonal atomic array of alternating boron and 
nitrogen atoms. The structural similarities of graphene and hexagonal boron nitride are illustrated 
in Figure 67, as well as a carbon nanotube and boron nitride nanotube in Figure 68. These 
structural properties create a very interesting situation where, while h-BN is isoelectronic to 
graphene, the alternating group III and group V atoms allow for h-BN to maintain unique 
capabilities.63-65 For example, unlike graphene, boron nitride nanosheets are wide-band gap 
semiconductors without absorptions in the visible region, sometimes referred to as “white 
graphenes”.66 Boron nitride nanotubes have also been reported with structural and chemical 
parallels drawn from the analogous carbon-based nanotube systems.67, 68 Especially important is 
their chemical stability and electrical properties. Boron nitride nanostructures are very chemically, 
thermally, and mechanically stable, and able to form both nanosheets and nanotubes much like 
carbon.67 
 
Figure 67. A few layers of graphene, and hexagonal boron nitride. 
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Figure 68. Comparison of carbon nanotube and hexagonal BN nanotube. 
Commercially available hexagonal boron nitride is a white powder consisting of the BN 
sheets as aggregate stacked structures. Nanomaterials, including hexagonal boron nitride, can be 
functionalized through both covalent69, 70 and non-covalent methods.69, 71, 72 Our research here 
focuses primarily on non-covalent functionalization of boron nitride nanosheets. While covalent 
functionalization requires altering the bonding structure of the nanosheet, non-covalent methods 
do not need to disrupt the nanosheet and, therefore, non-covalent methods have the advantage of 
using nanosheets without significantly altering their structural properties. A very convenient 
method of non-covalent functionalization is through π-π interactions between the BNNS and 
another molecule that is π-conjugated, also known as π-stacking. In order for a compound to 
efficiently π-stack with the boron nitride surface, the bulk BN needs to be exfoliated to peel apart 
the BN aggregates (π-stacked with each other) into single layers creating more surface area for 
new π-stacking to take place. 
The BN nanosheets are separated from the bulk and each other through the process of 
chemical exfoliation. One method of exfoliation is to use a Lewis base, such as an amine, to 
covalently bind to the sheet and create a stronger bond than the π-π interaction with another 
nanosheet in the aggregate, and in the process becoming soluble. Lewis base exfoliation provides 
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a greater concentration of exfoliated BNNSs; however, this method requires the added steps 
needed for the remove of the amine.73 Another more common method of exfoliation is liquid-
phase sonication of the bulk BN in polar solvent, typically isopropanol. In liquid-phase 
sonication, the aggregate nanosheets are pulled apart via the non-covalent polar interaction 
between the isopropanol and the BNNS surface.74  
The separated nanosheets of BN reaggregate relatively quickly to form the bulk insoluble 
solid if not stabilized in the exfoliated form.75, 76 Besides polythiophenes, BNNSs composites 
have successfully been stabilized with a wide range of polymers including: polyvinylalcohol,77, 78 
polymethyl methacrylate,79 polyamide (nylon),80 and cellulose acetate.81 In the case of the 
thiophene polymer, the π-π interactions between the extensively conjugated polymer backbone 
and the h-BN surface are sufficient to functionalize BN nanosheets and nanotubes, as illustrated 
in Figure 69.  
 
Figure 69. Boron nitride nanotube shown with polythiophene (reproduced).62, 82 
109 
 
The hexagonal array in boron nitride exhibits sp2 hybridization on the boron and nitrogen 
atoms, where each atom is bound to three others in a trigonal planar geometry with a 
perpendicular p-orbital extending above and below the plane along each atom’s z-axis. This 
network of p-orbitals, filled with electrons donated from the nitrogen atoms, create the vast π-
conjugation network throughout the nanosheet. The polythiophene backbone is also π-
conjugated. These two π-conjugated compounds are then able to stack nearly parallel to each 
other and hold together through these relatively strong π-π interactions.77, 78, 82 Several reports 
involving the computational modeling of the boron nitride π-π interaction have been previously 
published.82-85 Most of the work conducted to date involves BN nanotubes with little work on the 
“flat” nanosheet. Nanotubes have been shown to distort the π-conjugation of the BN network due 
to the bending of the array into the tube, leaving more localized areas of electron density around 
nitrogen atoms and less electron density around the boron atoms. This is very evident for small 
tubes, (4,0), becomes less important as the tube size increases, and results in complete 
delocalization for a “flat” nanosheet.85 When modeling the BNNT and thiophene interaction, it 
was found that the sulfur atom is localized over the boron atom and the ring sits about 3.2 Å 
above the BN surface with the sulfur atom tilted slightly toward the surface (Figure 70).83 When 
the unsubstituted polythiophene was used, it was calculated that the π-π interaction energy was 
approximately 6.5 times larger for BNNTs than for polythiophene on CNTs; and it was shown 
that the thiophene-BN surface dihedral angle is 1.36 degrees.82 The π-π stacking interaction 
between BN nanosheets and nanotubes and polythiophene is large enough to stabilize and 
functionalize the boron nitride. With the addition of carboxylic acid groups pendent on the 
polymer backbone, our group has also previously discovered that the BN-polymer composites 
can also attach to metal nanoparticles as well.56 
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Figure 70. Three orientations showing the optimized structure of thiophene on a BNNT.83 
As described earlier, Gratzel’s dye-sensitized solar cell (DSSC) model has been 
previously adapted to incorporate conductive polymers and carbon nanostructures into a working 
cell. Recent work in our lab, however, has produced a potentially successful method of 
developing a new solar cell design by incorporating a boron nitride nanosheet with a conductive 
polymer-semiconductor type cell through a non-covalent functionalization of BNNS. Using 
exfoliated BNNSs, Ma and Spencer were able to successfully show the π-π stacking of the 
nanosheet with several polythiophenes with 3-alkylcarboxylic acid substituents (Figure 71). 
These polymers were able to stabilize (prevent aggregation), and functionalize the BNNSs.56, 62 
When characterized by UV-Visible spectrophotometry, blue shifts of 47 nm and 120 nm were 
seen for BNNS-poly(3-hexylthiophene) (BNNS-H3PT), and BNNS-poly(3-(4-
carboxybutyl)thiophene) (BNNS-PCBT) respectively, compared to the polythiophene polymer 
without the nanosheet. In contrast, BNNS-poly(3-thiophene acetic acid) (BNNS-P3TAA) was 
found to have a red shift of 40 nm and BNNS-poly(3-thiophenezoic acid) (BNNS-PTPA) saw no 
shift in the UV-visible spectrum, even though PTPA stabilized the nanosheets and must, 
therefore, have coordinated to the nanosheet in a similar fashion to the other polythiophene 
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polymers. From the increased solubility and significant UV shifts, it was concluded that the 
polymers were successfully π-stacked with the BNNS.56, 62 
 
Figure 71. The structures of the polythiophene previously studied with the BNNS-polymer.  The 
observed UV-visible shift relative to the free polymer is indicated for each polymer. 
This BNNS-polymer-TiO2 model has been shown to generate an electric current when 
irradiated, however this work in our laboratory has just begun and a great deal more investigation 
needs to be accomplished to explore the scope and potential of this design.62 
The general concept involves the formation of non-covalently functionalized BNNS 
structures that might provide a suitable method for the attachment of designed functional 
components to form more complex hybrid nanomaterials than those previously explored. We 
have, therefore, investigated the potential for the BNNS-polythiophene conjugates with 
functionalized pendent groups to form new hybrid nanomaterials. 
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2.2 Background 
2.2.1 BNNS-polythiophene Complexes 
Recently, our group has reported the synthesis of BNNS-polythiohene-TiO2-
heterostructures and found in these preliminary experiments that these systems can be used to 
make rudimentary solar cells. Additionally, these new heterostructures displayed the generation 
of weak photocurrents upon irradiation, although they were significantly better that either TiO2 
alone or a simple polythiophene-TiO2 structure. These studies were quite preliminary and much 
remains to be explored in this area.56, 62 In this work, the BN nanosheets were stabilized and 
functionalized by polythiophenes. These BNNS-polymer conjugates could then be functionalized 
with carboxylic acid groups that could bind to TiO2 nanoparticles, thereby creating a BNNS-
polymer-TiO2 heterostructure (Figures 72 and 73). These new structures were isolated and 
characterized to show that the BNNS, polymer, and TiO2 were connected together. The tested 
DSSCs were made by coating conductive glass with TiO2 following literature procedure,9 then 
soaking the TiO2 plates in BNNS-polymer solution. The BNNS-polymer conjugates were then 
adsorbed onto the TiO2 surface through the carboxylate tail and characterized 
spectroscopically.56, 62  
 
Figure 72. A representative BNNS-polymer-TiO2 heterostructure.  
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Figure 73. Schematic for the formation of the BNNS-polythiophene-TiO2 heterostructures 
(reproduced).56 
Titanium dioxide is often employed in DSSC systems for several reasons. Besides being 
cost effective and easy to work with, TiO2 nanoparticles form semiconductors that can readily 
take on the role of electron transport between the photosensitizer and the conductive glass. This 
occurs because the glass, typically fluorine-doped SnO2 on quartz, adsorbs the TiO2 particles 
onto its surface. Then the TiO2 is functionalized with a sensitizer, usually through binding from a 
carboxylate anchor (Figure 74), creating a unique hybrid DSSC system. 9, 11, 56, 86 
 
Figure 74. Possible binding modes of carboxyl groups with TiO2 (reproduced).56 
In previous work, polymers chosen for exploration were selected based on their synthetic 
simplicity and their potential for conduction, largely as proof of concept for the BNNS approach 
using these heterostructures.62 Since it has been established that the BNNS-polythiophene-TiO2 
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model can be prepared and does at least partially work, the research has shifted to explore new 
designs that maximize the efficiency of the heterostructural components and improve the 
system’s overall operation as well as to explore the scope of the heterostructural possibilities 
available. The research present here, therefore, has focused on the effect of extending the 
conjugation of the polymer into the pendent group as well as extending the early BNNS work 
employing a variety of monomeric units.  
The degree of conjugation in unsaturated organic molecules is well known to affect many 
key properties of the molecule, especially its electronic characteristics and spectral properties. 
Polythiophenes have an extended π-conjugated backbone, and it is this backbone that is known 
to make polythiophene a conductor by allowing electrons to flow freely through the π-system.59, 
60 As shown in figure 75, it was calculated that thiophene, 2,2’-bithiophene (thiophene dimer), 
and 2,2’:5’,2”-terthiophene (thiophene trimer) should show a UV-Visible absorption at λmax and 
HOMO/LUMO gap of 216 nm and 6.078 eV (thiophene), 303 nm and 4.336 eV (dimer), and 383 
nm and 3.531 eV (trimer).87 This would indicate that the larger the conjugated backbone of 
polythiophene, the smaller the HOMO/LUMO becomes, and the longer wavelength (lower 
energy) photon it can absorb. Continuing this trend, the extension of the π-conjugation causes 
many polythiophenes to be absorbers of visible light with a wide range of applications in the 
organic electronic materials industry.54, 56, 59, 60 Literature precedent has shown that conjugated 
pendent groups on a polymeric backbone may play an active role in extending the overall 
conjugation, thus lowering the HOMO/LUMO energy gap, and showing longer wavelength 
absorptions.54  
115 
 
 
Figure 75. The molecular structure of some thiophenes, with their calculated UV absorption 
λmax, and HOMO/LUMO gap energies.87 
One synthetic target for our work here, poly(4-thiophen-3-ylbenzoic acid) (PTBA, 
compound 2.3, shown in Figure 76, not only contains a highly conjugated thiophene backbone, 
but is also conjugated to the relatively large pendent carboxylate-containing side-chain. 
Extending the conjugation through the pendent group via the use of a highly conjugated and 
electron-withdrawing para-substituted benzoic acid moiety should make better the electron 
conduit towards the semiconductor nanoparticle, adding to the conductive capabilities of the 
overall system. Although the parent monomer, 4-thiophen-3-ylbenzoic acid 2.2 (Figure 76), is a 
known compound88-90 and the resulting polymer built from this monomer is also a known 
compound,60, 91 a new synthetic method was required for our work due to difficulties in its 
preparation. 
 
Figure 76.  Structure of  the functionalized monomeric thiophene compound 2.2 and the 
polymeric structure PTBA (2.3) made from building block 2.2 
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In the synthesis of the benzoic acid functionalized polythiophene homopolymer 2.3, two 
main synthetic routes were explored based on literature precedent, as illustrated as Schemes 4 
and 5. The most direct proposed route involves the use of a Suzuki coupling of 4-
carboxyphenylboronic acid (compound 2.1) with 3-bromothiophene to achieve monomer 2.2 
followed by oxidative polymerization to form 2.3. Usually, during oxidative-coupling 
polymerization reactions, the pendent carboxylic acid must be protected against oxidative 
decomposition. However, we decided to explore the non-protected coupling because it has been 
reported that this type of polymerization can occur without protection of the carboxylic acid 
group if the thiophene monomer is water soluble.62, 92 Literature shows poly(3-thiopheneozic 
acid) was prepared using an oxidative coupling with the water soluble 3-thiophene carboxylic 
acid monomer, ferric chloride, and ammonium persulfate in 1.2 M aqueous HCl.92 
The second proposed synthetic route for the synthesis of compounds 2.3 involves the 
protection of the carboxylic acid group (2.4),88 followed by the formation of monomer (2.5)88-90 
then polymerization to form 2.6.62, 93 The final proposed step would involve the deprotection of 
the methyl ester back to the carboxylic acid moiety to form compound 2.4.88-91  
  
Scheme 4. The proposed direct synthetic route of monomer 2.2, then polymer PTBA (2.3). 
BHO
OH
OH
O
3-bromothiophene
Pd(OAc)2/PPh3/K2CO3
dioxane
80 oC 16hr
OH
O
S
FeCl3/(NH4)2S2O8
1.2 M HCL (aq)
R.T. 5 h
OH
O
S n
2.32.22.1
117 
 
 
Scheme 5. The proposed synthetic route of polymer PTBA (2.3).  
One concern when polymerizing thiophene derivatives is the regiochemistry of the 
polymer. Thiophenes typically polymerize at the 2- and 5-positions of the thiophene ring system. 
When polymerizing 3-substituted thiophenes, however, it is possible to form three different 
regiochemically coupled species. Coupling at the 2,5’ positions is often referred to as head-to-tail 
(HT) coupling.  It is possible to form 2,2’ coupled head-to-head (HH) and 5,5’ tail-to-tail (TT) 
coupled products. In the polymerization process, several thiophene molecules together can form 
any of four different orientations. As shown in Figure 77, it is possible to achieve head-to-tail-
head-to-tail (HT-HT), head-to-head-tail-to-head (HH-TH), tail-to-tail-head-to-tail (TT-HT), and 
tail-to-tail-head-to-head (TT-HH) species through polymerization.59  
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Figure 77. The regiochemistry of possible couplings (reproduced).59  
As the polymerization occurs, all four of these arrangements should be theoretically 
possible; however, there is typically only one dominant form. The HT-HT alternating polymer 
would be the preferred product for the work proposed here since the alternations displayed in this 
product would be expected to have continuous π-conjugation and therefore afford better 
conductivity due to the HOMO-LUMO orbital energy difference. While HH-TH couplings 
would be expected to cause significant steric strain and torsion on the thiophene-thiophene bond, 
leading to a disruption of the π-conjugation between monomeric units This is known to produce 
undesirable electronic effects on the polymer and lower conductivity.59 While this was seen as a 
possible problem, it has been reported in literature that (3-(4-octylphenyl)thiophene), a 
compound similar to monomer 2.5, was successfully polymerized with an approximate 92% HT 
regioselectivity using the FeCl3 oxidative coupling method.94 Therefore, it might be expected that 
a similar HT coupling would occur in polymers 2.3 and 2.6. 
Once these polymers are formed, the goal is to attach them to exfoliated BNNS to 
demonstrate the functionalization of the BNNS systems through the polythiophene backbone 
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while providing a conjugated route to the semiconducting nanoparticle. Both the methyl ester 
protected thiophene structure and the deprotected carboxylic acid polymer should be able to 
functionalize the BNNS. In addition to BNNS-polymer functionalization, both moieties can be 
used to explore the effects of binding with TiO2 through the conjugated polythiophene backbone 
structures. 
2.2.2 Non-covalent Attachment of Monomeric Thiophene Derivatives 
 A second component of the research reported here involves the attempted non-covalent 
functionalization of BNNS using individual monomeric thiophene units instead of employing the 
polymeric form of thiophene. Exfoliated h-boron nitride nanosheets rapidly aggregate back into 
the stacked bulk material unless they are functionalized in some fashion. Our group recently 
reported that thiophene polymers are able to non-covalently stabilize the BNNS through π − π 
stacking with sufficient binding energy to stabilize the nanosheets and prevent aggregation for 
weeks.56 Although there has been some computational work involving non-covalent interactions 
of heteroaromatic and polar molecules with boron nitride nanostructures83-85 along with 
experimental data of non-polymeric molecules with multiple binding sites attaching to boron 
nitride nanostructures,71, 75, 95 there have been no reports for monomer derivatized thiophene on 
BNNS. 
The stabilization and functionalization of BNNS employing similar strategies to our 
recently successful work was, therefore, attempted by replacing the thiophene polymeric 
compounds with functionalized thiophene monomers. The monomers explored in this work 
include: 3-bromothiophene (3BrT) 2.13, 3-hexylthiophene (3HT) 2.14, 3-thiophenecarboxylic 
acid (3TCA) 2.15, and 3-thiopheneacetic acid (3TAA) 2.16, as shown in Figure 78. These 
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monomers were chosen because they are well known and synthetically readily available 
thiophenes, whose polymeric forms have successfully stabilized and functionalized BNNSs 
through non-covalent interactions.56 These experiments were expected to be able to show 
whether thiophene monomers can successfully functionalize BNNS with sufficient binding 
energy to stabilize the BNNS through non-covalent interactions and serve as a conjugated 
monomeric tether to semiconducting nanoparticles, as suggested in previous synthetic work with 
polythiophene compounds and by computational research.  
 
Figure 78. The structures of the monomeric thiophene compounds explored for functionalization 
of BNNS structures. 
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2.3. Experimental 
2.3.1 Physical Measurements 
 All NMR spectra were taken either on a Bruker Advance 300 MHz or 400 MHz NMR 
instrument, as indicated. Proton (1H) NMR and 13C NMR data where referenced to an internal 
standard of tetramethylsilane (CH4Si) at δ = 0.0 ppm. 11B NMR was referenced relative to BF3 
Et2O at  δ = 0.0 ppm. FT-IR spectra were performed as KBr pellets in the range of 400-4000 cm-1 
using a Thermo Nicolet IR200 FT-IR. UV-Visible spectra were recorded on a Perkin Elmer 
Lambda 950 UV-Visible spectrophotometer, using a 1 cm quartz cell; solvents and 
concentrations varied and are as listed below. 
2.3.2 Materials 
All reactions were conducted using standard Schlenk inert atmosphere techniques, 
magnetic stir bars and dry nitrogen gas as an inert atmosphere, except were stated differently. All 
reaction solvents were dried and degassed using a three-cycle freeze, pump, thaw method prior to 
use. Most solvents were dried over 3Å molecular sieves and distilled as needed. Diethylether 
(Et2O) and tetrohydofuran (THF) were predried over sieves and then distilled from 
Na/benzophenone. All reactions involving cooling to -77 °C used an acetone/dry ice slush bath.  
Boron nitride was purchased from Strem Chemicals and used as received. The monomers 3-
bromothiophene 2.13, 3-hexylthiophene 2.14, thiophene-3-carboxylic acid 2.15, and thiophene-
3-acetic acid 2.16, were purchased and used as received. The isopropanol (IPA) used was reagent 
grade used without additional treatment.  
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2.3.3 Synthesis of polymers 
4-(Thiophen-3-yl)benzoic acid (2.2): The synthesis employed for compound 2.2 was 
adapted from the literature.89, 90 In the modified procedure, 4-carboxylphenylboronic acid (2.1) 
(200 mg, 1.21 mmol) along with triphenylphosphine (126 mg, 0.48 mmol), anhydrous potassium 
carbonate (100 mg, 0.726 mmol), and 5 mol % palladium (II) acetate (14 mg, 0.0605 mmol) 
were placed in a round bottom flask with a side arm. The flask was evacuated and flushed with 
dry nitrogen. To this was added 20 mL of dried and degassed dioxane by syringe and the reaction 
mixture was stirred for 15 minutes at room temperature. To this was then added 3-
bromothiophene (198 mg, 1.2 mmol), dissolved in 5 mL of dioxane, dropwise over 1 hour while 
heated to 80 °C. The reaction was stirred at 80 °C for 16 hours and, after cooling to room 
temperature, the dioxane was removed by vacuum. Ethyl acetate and water, 20 mL of each, was 
added to dissolve and separate the solids. The ethyl acetate layer was washed with water (3x10 
mL), and then the aqueous layers were combined and washed with ethyl acetate (3x10 mL) to 
obtain any remaining product. The combined organic layer was dried over MgSO4 and 
evaporated to give an impure solid. A purified product was achieved by silica gel column 
chromatography using 9:1 hexane/ ethyl acetate. The product did not show any thiophene peaks 
in the NMR. Most of the reaction product, however, remained impure, even after column 
chromatography and by proton NMR. 1H NMR (400 MHz, CDCl3): ∂ 8.09 (d, J = 8.0 Hz), 7.90 
ppm (d, J = 8.4 Hz). The literature reports 1H NMR (400 MHz, DMSO-d6) ∂ 12.86 (b, 1H), 8.03 
(q, 1H), 7.9 (d, 2H), 7.8 (d, 2H), 7.66 (q, 1H), 7.62 (q, 1H).90 
4-(Methoxycarbonyl)penylboronic acid (2.4): The synthesis employed for compound 
2.4 was adapted from the literature.88 To a flask was added 4-carboxyphenylboronic acid (2.1) 
(0.750 g, 4.52 mmol) and dissolved in a 22 mL of dried and degassed methanol.  To this solution 
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was then added 1 mL of concentrated HCl. The reaction was allowed to reflux for 24 hours and, 
upon cooling to room temperature, the MeOH was evaporated. The solid was then dissolved into 
40 mL of ethyl acetate.  This was washed with pure H2O and 5% aqueous NaHCO3 (3x10 mL 
each) and the organic layer dried with MgSO4. The ethyl acetate layer was evaporated to give an 
impure solid. The solid was recrystallized from a saturated hot toluene solution to give 0.645 g 
purified product in an overall yield of 79.3%. 1H NMR (400 MHz, CDCl3): ∂ 8.27 (dd, 2H), 8.15 
(dd, 2H), 3.97 ppm (s, 3H). Proton NMR spectrum for the product corresponded with that 
previously reported.88 
Methyl 4-(thiophen-3-yl)benzoate (2.5): The synthesis employed for compound 2.5 was 
adapted from the literature.88-90 The 4-methylbenzoateboronic acid (2.4, 0.450 g, 2.5 mmol) was 
placed in a flask with anhydrous potassium carbonate (691 mg, 5 mmol), triphenylphosphine 
(131 mg, 0.5 mmol) and 5 mol% palladium (II) acetate (28 mg, 0.125 mmol). The flask was then 
evacuated and flushed with dry nitrogen gas. To the flask was then added 24 mL distilled and 
degassed dioxane and 1 mL of deoxygenated water by syringe to create a suspension. The 3-
bromothiophene (0.24 ml, 2.6 mmol) was added by syringe and the reaction was stirred at 80 °C 
under a dry nitrogen atmosphere for 24 hours. After cooling to room temperature, the dioxane 
solvent was removed in vacuo and the remaining solid dissolved in ethyl acetate (40 mL) and 
washed with water (20 mL). The separated organic layer was further washed with water (2x20 
mL). The combined aqueous layer was washed with ethyl acetate (2x20 mL) to extract any 
remaining product. Organic layers were combined, dried with MgSO4, and the ethyl acetate was 
evaporated in vacuo. The impure solid was purified using silica gel column chromatography 
eluted with a 9:1 mixture of hexane/ethyl acetate. The purified white solid, 0.297 g, was obtained 
in a 54% yield. X-ray quality crystals were grown by slow evaporation from toluene. 1H NMR 
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(400 MHz, CDCl3): ∂ 8.06 (dd, 2H), 7.65 (dd, 2H), 7.56 (m, 1H), 7.43 (m, 2H), 3.93 ppm (s, 
3H). 13C NMR (103 MHz, CDCl3) ∂ 167.0, 141.3, 140.2, 130.4, 128.8, 126.8, 126.35, 126.33, 
122.0, 52.2 ppm. UV (CH2Cl2): λmax 284 nm. Proton and 13C NMR spectra corresponded with the 
reported literature data.96 
Poly[3-(4-methoxycarbonylphenyl)thiophene] (2.6): Anhydrous iron (III) chloride (882 
mg, 5.44 mmol) was dissolved in 15 mL of dried and degassed chloroform under an atmosphere 
of dry nitrogen gas. The solution was cooled in an ice bath and a methyl 4-(thiophen-3-
yl)benzoate (2.5, 0.297 g, 1.36 mmol) solution dissolved in 10 mL of dry chloroform was added 
drop wise to the FeCl3 over a 1 hour period. The reaction was allowed to stir cold for 24 hours 
and the reaction mixture was then poured into 500 mL MeOH. The solids obtained were filtered 
off and the product purified using silica gel column employing approximately 15 g of silica and 
eluting with an initial mixture of hexane/ ethyl acetate (9:1, 200 mL) and gradually changing the 
solution to pure ethyl acetate (200 mL). 1H NMR (400 MHz, CDCl3): ∂ 7.32-8.14 (unresolved), 
6.80-7.22 (unresolved), 3.95-3.90 ppm (unresolved). FTIR (KBr) (cm-1): 2960 (m), 2942 (m), 
1735 (m), 1719 (m), 1654 (m), 1646 (m), 1261 (m), 1097 (m), 1022 (m), 802 (m). UV (CH2Cl2): 
λmax 274 nm, secondary λmax 396 nm. Literature values, 1H NMR (400 MHz, CDCl3): ∂ 7.4-8.2 
(aromatic, 4H), 7.0-7.2 (Th-H, 1H), 4.3-4.5 (OCH2, 0.5H), 3.9 (OCH3, 3H), 3.3-3.5 (OCH2, 1H), 
1.4-1.7 ppm (CH2, 1H). FTIR (KBr) (cm-1): 2956, 2925, 1719, 1654, 1278, 1178, 1116, 772.91 
Poly[3-(4-benzoic acid)thiophene] (2.3): The starting polymer 2.6 (0.010 g) was 
dissolved into 22 mL of aqueous NaOH (2M) and stirred under a nitrogen atmosphere at 100 °C 
for 48 hours. After cooling to room temperature, the solids were filtered off and the solution was 
acidified with HCl to precipitate the product which was collected by filtration and placed on 
dynamic vacuum overnight. The product was characterized without any further purification. 1H 
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NMR (400 MHz, DMSO-d6): ∂ 7.72-7.65 ppm (unresolved). FTIR (KBr) (cm-1): 3448 (s, br), 
1718 (m), 1701 (m), 1686 (m), 1654 (m), 1637 (m), 1626 (m), 1618 (m), 1092 (m, br). UV (1:1 
DMSO/ IPA): λmax 280 nm. The literature reports are only for FTIR data (KBr) (cm-1): 3389, 
1701, 1609, 1411, 1178, 1089.91 
4-Bromobenzoic acid (2.8a). Into a flask was placed 12 mmol (2.83 g) of p-
dibromobenzene and the flask was filled with a dry nitrogen atmosphere. To this was added 10 
mL of dry ether by syringe and the solution was cooled to -78 °C. To this solution was added 12 
mmol (7.5 ml) n-butyl lithium (1.6 M in hexane) and reaction was stirred for 1 hour at -78 °C. A 
large excess (120 mmol, 5.281g) of CO2 (generated from the sublimation of dry ice) was bubbled 
through the solution via a cannula from a second flask containing the dry ice over 1 hour. The 
flask was then allowed to reach room temperature while stirring. The ether was evaporated and 
15 mL of water was added, and water layer was washed with hexane (3x20 ml). To this was then 
added drop wise 3 mL of 20% HCl to precipitate out carboxylic acid product. Ether (3x30 mL) 
was used to extract the water and dissolve the precipitate. The combined ether layer was dried 
over MgSO4. The ether was evaporated to form the solid product that did not require further 
purification. 1H NMR (400 MHz, CDCl3): ∂ 7.95 (d, 2H, J = 11.6 Hz), 7.62 ppm (d, 2H, J = 11.6 
Hz). The characterization data for the product corresponded with that reported in the literature, 
1H NMR (CDCl3): ∂ 7.96, 7.68 ppm.97  
3-Bromobenzoic acid (2.8b). The synthetic procedure employed for compound 2.8b was 
essentially the same as that employed for the preparation of compound 2.8a, except that m-
dibromobenzene was substituted for p-dibromobenzene. No further purification of the obtained 
product was necessary. 1H NMR (400 MHz, CDCl3): ∂ 8.250 (s, 1H), 8.04 (d, 1H), 7.75 (d, 1H), 
7.36 ppm (t, 1H). Literature values are (DMSO-d6, 100 MHz): ∂ 8.10, 7.99, 7.81, 7.48.98  
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Methyl 4-bromobenzoate (2.9a). The synthesis employed for compound 2.9a was 
adapted from the literature.99 A sample of 4-bromobenzoic acid (2.5a) was added to a 200 mL 
round bottom flask and flushed with dry nitrogen. To the reaction flask was then added 22 mL of 
a methanol/H2SO4 solution (3 mL concentrated sulfuric acid in 50 mL dry methanol) and the 
solution was refluxed for 24 hours. After cooling to room temperature, the solvent was 
evaporated and 40 mL ethyl acetate was added. The ethyl acetate solution was washed with 
saturated aqueous NaHCO3 (3x20 mL) and dried over MgSO4. The solvent was evaporated to 
give an impure solid, which was then purified by silica gel column chromatography using a 9:1 
hexane to ethyl acetate solution as the elutant. 1H NMR (400 MHz, CDCl3): ∂ 7.88 (d, 2H), 7.56 
(d, 2H), 3.91 ppm (s, 3H). Our values correspond well with literature 1H NMR (500 MHZ, 
CDCl3): ∂ 7.88 (d, 2H), 7.56 (d, 2H), 3.90 (s, 3H).99  
Methyl 3-bromobenzoate (2.9b). The synthesis of compound 2.9b was essentially the 
same as that employed for the preparation of compound 2.9a, except that 3-bromobenozoic acid 
2.8b was used instead of 2.8a. 1H NMR (400 MHz, CDCl3): ∂ 8.18 (s, 1H), 7.97 (d, 1H, J = 10.4 
Hz), 7.68 (d, 1H, J = 10.4 Hz), 7.32 (t, 1H, J = 10.4 Hz), 3.92 ppm (s, 3H). The characterization 
data for the product was found to correspond with that reported in the literature, 1H NMR (400 
MHz, CDCl3): ∂ 8.18 (s, 1H), 7.97 (d, 1H, J = 7.8 Hz), 7.68 (d, 1H, J = 7.8 Hz), 7.32 ppm (t, 1H, 
J = 7.9 Hz), 3.92 ppm (s, 3H).100 
Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.10a). The 
synthesis of compound 2.10a was adapted from the literature.101, 102 To a 100 mL round bottom 
flask with sidearm was added 1.49 mmol (0.430 g) of 2.9a along with 1.3 molar equivalents of 
bis(pinacolato)diboron (660 mg, 2.6 mmol), 10 mmol K2CO3 (1.382 g), and 2 mol% Pd(OAc)2 (9 
mg, 0.04 mmol). The flask was evacuated and flushed with dry nitrogen before 10 mL of 
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dioxane was added by syringe. The reaction mixture heated and stirred for 8 hours at 90 °C. The 
solids were then filtered off and the solvent evaporated in vacuo. The impure product was 
purified by silica gel column chromatography using a 9:1 hexane to ethyl acetate solution at 
elutant. 1H NMR (400 MHz, CDCl3): ∂ 8.01 (d, 2H, J = 8.4 Hz), 7.86 (d, 2H, J = 8.0 Hz), 3.90 (s, 
3H), 1.34 ppm (s, 12H). 13C NMR: ∂ 167.2, 134.8, 132.4, 128.7, 84.3, 52.2, 245.0 ppm. Our data 
corresponded well with reported literature values, 1H NMR (CDCl3): ∂ 8.04 (d, 2H), 7.88 (d, 
2H), 3.93 (s, 3H), 1.37 (s, 12H).101 13C NMR (50 MHz, CDCl3) δ 166.8, 134.0, 132.2, 128.5, 
84.0, 51.9, 24.7 ppm.103  
Methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.10b). The 
synthesis of compound 2.10b was the same as that employed for the preparation of compound 
2.10a, except that compound 2.9b was used in place of 2.9a. The amounts used for this reaction 
were 0.375 g (1.74 mmol) methyl 3-bromobenzoate (2.9b), 582 mg (2.26 mmol) 
bis(pinacolato)diboron, 1.20 g (8.7 mmol) K2CO3, 8 mg (0.035 mmol) Pd(OAc)2, and 9.5 mL 
dioxane. 1H NMR (400 MHz, CDCl3): ∂ 8.46 (s, 1H), 8.12 (d, 1H, J = 7.6 Hz), 7.97 (d, 1H, J = 
7.2 Hz), 7.44 (t, 1H, J = 8.0 Hz), 3.91 (s, 3H), 1.34 ppm (s, 12H). These data corresponded well 
with reported literature data for the compound, 1H NMR (400 MHz, CDCl3): ∂ 8.47 (s, 1H), 8.12 
(d, 1H, J = 12.4 Hz), 7.98 (d, 1H, J = 12.0 Hz), 7.45 (t, 1H, J = 12.0 Hz), 3.92 (s, 3H), 1.36 (s, 
12H).102 
Methyl 4-(thiophene-3-carbonyl)benzoate (2.11a). The synthesis employed for 
compound 2.11a was adapted from the literature.104 To a 50 mL round bottom flask equipped 
with side arm was added 0.391 g (1.49 mmol) 2.10a along with 3 molar equivalents of K2CO3 
(0.617 g, 4.47 mmol), and 1 mol% Pd2(dba)3⋅CHCl3 (15 mg, 0.0149 mmol). The flask was 
evacuated and then CO (balloon pressure) was added to achieve a carbon monoxide atmosphere. 
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15 mL of toluene, and 1 equivalent of 3-bromothiophene (0.14 mL, 1.49 mmol) were added by 
syringe. The reaction was heated to 100 °C for 24 hours under CO atmosphere. After cooling to 
room temperature, the reaction mixture was filtered through a small pad of celite and the celite 
was washed 3 times with 20 Ml aliquots of ethyl acetate. The combined toluene/ EtOAc solvent 
was removed in vacuo to leave the impure solid, which the NMR showed was mostly starting 
compound 2.10a. The impure solid was purified by silica gel column chromatography using 9:1 
hexane/ ethyl acetate as elutant. A minor product was isolated and characterized by 1H NMR. 1H 
NMR (400 MHz, CDCl3): ∂ 8.13 (d, 2H, J = 8.8 Hz), 7.69 (d, 2H, J = 8.4 Hz), 3.95 ppm (s, 3H). 
No product spectrum matched literature values, 1H NMR (400 MHz, CDCl3): δ 8.17-8.15 (dd, 
3JH,H = 6.8 Hz, 4JH, H= 1.6 Hz, 2H, 4-CH3OCOC6H4), 7.94-7.93 (dd, 4JH,H =2.8, 1.2 Hz, 1H, Hthienyl), 
7.89-7.87 (dd, 3JH,H = 6.8 Hz, 4JH,H = 1.6 Hz, 2H, 4-CH3OCOC6H4), 7.61-7.60 (dd, 3JH,H = 5.2 Hz, 
4JH,H = 1.2 Hz, 1H, Hthienyl), 7.42-7.40 (dd, 3JH,H = 5.2, 4JH,H = 2.8 Hz, 1H, Hthienyl), 3.97 (s, 3H, 
CH3OCO) ppm; 13C NMR (100.6 MHz, CDCl3): δ 189.24, 166.31, 142.33, 140.97, 134.50, 
133.21, 129.64, 129.64, 129.14, 129.14, 128.45, 126.59, 52.48 ppm.104  
Methyl 3-(thiophene-3-carbonyl)benzoate (2.11b). The synthesis of compound 2.11b 
was essential the same as that employed for the preparation of compound 2.11a, except  2.10b 
was used instead of 2.10a. The amounts used were, 0.517 g (1.97 mmol) 2.10b, 0.817 g (5.92 
mmol) K2CO3, 20 mg (0.0197 mmol) Pd2(dba)3⋅CHCl3, 0.19 ml (1.97 mmol) 3-bromothiophene, 
and 20 ml toluene. The product remains impure after repeated attempts at purification. The NMR 
shows no change from compound 2.10b. 
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2.3.4 Synthesis of boron nitride complexes: 
Preparation of boron nitride nanosheets. The preparation of the exfoliated boron 
nitride nanosheets followed the procedure reported in previously.62, 74 To a 20 mL scintillation 
vial with screw top lid was added 30 mg of hexagonal boron nitride and 10 mL isopropanol and 
the suspension was sonicated for 48 hours. The isopropanol reaction solution was centrifuged for 
45 minutes to remove any undissolved BN and allowed to stand overnight. The isopropanol was 
again centrifuged for an additional 45 minutes before use. The supernatant was decanted and 
used. The BN concentration in isopropanol was determined by UV-Visible spectroscopy using 
the Beer-Lambert Law with a BN extinction coefficient in IPA of 2367 mL/mg/m at 300 nm.74 
BNNS-poly[3-(4-benzoic acid)thiophene] (2.3a). In a 20 mL scintillation vial with 
screw cap lid was placed 1 mL isopropanol, 3 mg boron nitride, and 1 mL of a polymer 2.3/ 
DMSO (pH adjusted to 10-12 with KOH) solution (6 mg/mL), and the vial was then sonicated 
for 48 hours. After centrifuging the vial for 45 minutes, the supernatant was decanted off and the 
UV-Visible spectrum was taken. The vial was allowed to sit for 24 hours and then centrifuged 
for 45 minutes. The supernatant was decanted and the UV-Visible spectrum was repeated. UV 
(1:1 DMSO/ IPA): λmax 288 nm after initial sonication, 266 nm after sitting for 24 hours. 
BNNS-poly[3-(4-methoxycarbonylphenyl)thiophene] (2.6a). The synthesis employed 
for compound 2.6a was adapted from the literature.62 Two methods were employed in the 
synthesis.  Method 1: The procedure reacted 1 mL of the exfoliated BN nanosheets in 
isopropanol (0.0358 mg/mL calculated) with 0.2 mL of polymer 2.6 in chloroform solution (4 
mg/mL). Method 2: employed 1 mL of chloroform, 1 mL exfoliated BN nanosheets in 
isopropanol (0.0358 mg/ml calculated) and 0.2 mL polymer 2.6 in a chloroform solution (4 
mg/mL). Both samples used a 20:1 polymer to BNNS concentration added to a 20 mL 
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scintillation vial with screw top lid. The vials were sonicated for 4 hours and the solution was 
centrifuged for 45 minutes. UV-Visible spectra of the decanted supernatant showed no change in 
the absorption spectrum compared to the polymer without any BN.  
BNNS-monomer complexes (2.13a-2.16a). The synthesis employed for these 
compounds was adapted from the literature.62 Using a 20 mL scintillation vial, 2 mg 3-
bromothiophene 2.13 was added to exfoliated BN nanosheets in 3 mL isopropanol (0.0161 
mg/mL), making a 40:1 concentration weight ratio of thiophene to BN. This solution was then 
sonicated for 24 hours and centrifuged for 45 minutes before UV-Visible spectrum was taken of 
the supernatant. The same procedure was repeated with compounds 2.14, 2.15, and 2.16, to make 
BNNS-monomer complexes 2.14a, 2.15a, and 2.16a. 
2.3.5 X-ray Crystallographic Study 
Crystallographic studies using single crystal X-ray diffraction (XRD) were carried out to 
determine the structure of compound 2.5, for which suitable crystals were grown by slow 
evaporation from 1:1 hexane and dichloromethane. All crystals were removed from a vial and 
immediately covered with a layer of silicone oil. A single crystal was selected, mounted on a 
glass rod on a copper pin, and placed in the cold N2 stream provided by an Oxford Cryosystems 
cryometer. XRD data collection was performed on a Bruker APEX II diffractometer with use of 
Mo Kα radiation (λ = 0.71073 Å) and a CCD area detector. Empirical absorption corrections 
were applied using SADABS.29, 30 The structures were solved with use of either direct methods or 
the Patterson option in SHELXS and refined by the full-matrix least-squares procedures in 
SHELXL.31, 32 The space group assignments and structural solutions were evaluated using 
PLATON.33, 34 Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were located 
in calculated positions corresponding to standard bond lengths and angles. and the structure is 
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shown in Figures 79 and 80, and crystallographic data may be seen in Tables 14-17. The full 
crystallographic data may be seen in Appendix A.   
Table 14. Crystallographic data for methyl 4-(thiophen-3-yl)benzoate (2.5). 
empirical formula C12H10O2S 
formula weight 219.26 
crystal system orthorhombic 
space group Pna22 
a (Å) 6.0142 (8) 
b (Å) 7.2116 (10) 
c (Å) 23.133 (3) 
α (°) 91 
β (°) 91 
γ (°) 91 
V (Å3) 1003.3 (2) 
Z 5 
T (K) 91 
Dcalc (g/cm3) 2.445 
F (000) 457 
crystal size (mm3) 
θ range (deg) 2.8-24.9 
index ranges -7≤h≤7 
  -8≤k≤9 
  -27≤l≤28 
goodness of fit (GOF) 1.976 
no. of reflns collected 6619 
no. of independent reflns 1688 
[Rint=0.038] no. of parameters 138 
wavelength (Å) 1.71073 
final R indices [I>2σ(I)] R=0.1667 
  wR=0.2994 
final R indices (all data) R=0.1681 
  wR=0.3013 
largest diff. peak and hole (e-/Å3) 2.16 to -1.51 
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Figure 79. The ORTEP drawing for the crystallographically determined compound 4-(thiophen-
3-yl)benzoate (2.5), thermal ellipsoids are drawn at 30% probability. 
 
 
Figure 80. The unit cell and partial packing diagram for 4-(thiophen-3-yl)benzoate (2.5). 
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Table 16. Select bond distances (Å) for 4-(thiophen-3-yl)benzoate (2.5) with estimated standard 
deviations in parenthesis. 
Bond Distance Bond Distance 
C1—C2 1.387 (17) C6—C7 1.40 (2) 
C1—S1 1.712 (13) C7—C8 1.410 (19) 
C2—C3 1.426 (19) C8—C9 1.402 (18) 
C2—C5 1.464 (17) C8—C11 1.482 (17) 
C3—C4 1.457 (18) C9—C10 1.385 (19) 
C4—S1 1.702 (13) C11—O2 1.214 (16) 
C5—C10 1.391 (19) C11—O1 1.340 (16) 
C5—C6 1.420 (19) C12—O1 1.454 (15) 
Table 17. Select bond angles (°) for 4-(thiophen-3-yl)benzoate (2.5) with estimated standard 
deviations in parenthesis. 
Angle Value Angle Value 
C2—C1—S1 112.6 (10) C7—C8—C11 121.4 (11) 
C1—C2—C3 110.2 (12) C9—C8—C11 119.3 (12) 
C1—C2—C5 123.4 (12) C10—C9—C8 120.2 (13) 
C3—C2—C5 126.4 (12) C9—C10—C5 122.3 (13) 
C2—C3—C4 114.9 (11) O2—C11—O1 123.0 (12) 
C3—C4—S1 107.2 (9) O2—C11—C8 124.4 (12) 
C10—C5—C6 117.1 (12) O1—C11—C8 112.6 (10) 
C10—C5—C2 122.8 (12) C11—O1—C12 115.9 (10) 
C6—C5—C2 120.1 (12) C4—S1—C1 95.1 (7) 
Table 18. Select dihedral (°) for 4-(thiophen-3-yl)benzoate (2.5) with estimated standard 
deviations in parenthesis. 
Angle Value Angle Value 
S1—C1—C2—C3 1.2 (14) C11—C8—C9—C10 -177.7 (12) 
C1—C2—C3—C4 -1.6 (15) C6—C5—C10—C9 0.6 (19) 
C5—C2—C3—C4 178.5 (12) C2—C5—C10—C9 -178.6 (12) 
C2—C3—C4—S1 1.3 (13) C9—C8—C11—O2 -4.5 (19) 
C3—C2—C5—C10 174.3 (13) C9—C8—C11—O1 174.6 (11) 
C1—C2—C5—C6 175.3 (12) O2—C11—O1—C12 3.1 (17) 
C2—C5—C6—C7 179.6 (11) C8—C11—O1—C12 -176.0 (10) 
C6—C7—C8—C9 0.0 (19) C3—C4—S1—C1 -0.5 (9) 
C6—C7—C8—C11 178.5 (12) C2—C1—S1—C4 -0.4 (10) 
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2.4 Results and Discussion 
2.4.1 Synthesis and Characterization of Conjugated Polymers 
In previous work in our group, BNNS-polymer-TiO2 heterostructures were shown to 
function in a simple solar cell device, although the overall efficiencies were extremely low. In 
order to further explore the potential use of these heterostructures in photovoltaic devices, we 
have proposed that a polythiophene polymeric backbone with π-conjugation extended into the 
pendent group would improve electron transport into the semiconductor conductive material. In 
order to investigate this concept, polymer 2.3 was chosen due to its synthesis accessibility and 
fully conjugated design. 
The synthesis of polymer 2.3 was attempted first using a direct approach to determine if 
the synthetic requirement of the carboxylate protecting groups could be eliminated. The initial 
work (Figure 81) focused upon forming the carboxylic acid monomer 2.2 directly in one step.   
  
Figure 81. The proposed 2-step synthesis of target polymer 2.3.  
If this method was successful, it would be the most direct synthetic method and would 
avoid the loss of yield from concomitant with the additional steps involved with the use of 
protecting and deprotecting reactions.  
This attempted synthesis of the polymer 2.3 via the direct conversion of the monomer to 
the polymer was determined to be unsuccessful.  This reaction sequence most likely failed due to 
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the oxidative decomposition of the carboxylic acid in compound 2.1 during the Suzuki reaction. 
In this approach, the palladium coupling of the boronic acid species, compound 2.1, with 3-
bromothiophene was attempted using an adaptation of standard Suzuki conditions. Although the 
carboxylic acid moiety was not protected, the reaction was carried out with the hope that the 
carboxylic acid protection was not required for Suzuki coupling to work. Even though the proton 
NMR data from the reaction mixture showed that a reaction did occur and some of compound 
2.3 appears to be present, the product was obtained in very low yield and highly impure. 
Purification of the reaction at this point to yield compound 2.3 was, however, unsuccessful. 
It appears that the carboxyl group of the unprotected carboxylic acid is likely a 
competitor with the reactant halides (3-bromothiophene) towards the palladium catalyst. This 
analysis is supported by the literature reports where it appears that the carboxylic acid moiety 
may undergo decarboxylation, resulting in a coupling between two aryl groups (Figure 82C).105, 
106 Although a similar coupling was observed in our reaction sequence, there is also literature 
precedent for the successful Suzuki coupling between 3-bromothiophene and the boronic acid 
2.1 to form the intending product 2.2 without interference from the carboxylic functionality 
(Figure 82B).107 Possible explanations for the very low of yield observed in these reactions of 
compound 2.2 include solvent effects and problems with the palladium catalyst. Because of the 
low yield with the formation of many side products, this approach was abandoned for a more 
successful synthetic route. 
136 
 
  
Figure 82. A comparison between (A) the attempted reaction of compound 2.1 to form monomer 
2.2, with (B) literature reactions to produce monomer 2.2 from 2.1,107 and (C) the reported 
reaction for the decarboxylation Suzuki reaction for Ar1-Ar2 bond formation (where Ar = aryl).105 
The synthesis of polymer 2.3 (Figure 83) was successfully achieved through the Suzuki 
coupling of  3-bromothiophene with 4-(methoxycarbonyl)penylboronic acid (2.4) to form 
monomer 2.5, followed by the oxidative-coupling of the derivatized thiophene monomeric units 
to prepare the polythiophene methyl ester 2.6 This intermediate was then converted to the 
carboxylic acid polymer 2.3 by deprotection of the carboxylic acid unit. Thus, the preparation of 
polymer 2.3 was found to be successful by employing an ester protecting group on the carboxylic 
acid in the form of the methyl benzoate. 
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Figure 83. The reaction sequence for the formation of the methyl ester polymer (2.6) followed 
by the deprotection back to the carboxylic acid polymer 2.3. 
In this approach, the 4-carboxyphenylboronic acid (2.1) was first protected by the 
reaction of sulfuric acid to deprotonate the carboxylic acid followed by the addition of methanol 
to produce the methyl ester compound 2.4.89 This reaction produced a relatively pure product in 
an approximate 75-80% yield, based on the proton NMR of the reaction mixture. The pure 
product was recrystallized from hot toluene to obtain the methyl ester 2.4 with approximately 
98% purity in an overall 79.3% yield.  
The carboxylate-protected thiophene monomer, compound 2.5 was then prepared using a 
Suzuki coupling process adapted from previously published work.88-90 This palladium cross-
coupling reaction produced the substituted thiophene monomer 2.5 in approximately 85% yield, 
as determined from the proton NMR data of the reaction mixture. The final purification of 2.5 
using silica gel column chromatography, however, resulted in a significant amount of product 
loss such that the highly pure desired product was obtained in a 55% yield.  
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Crystals of compound 2.5 that suitable for X-ray diffraction crystallography were grown 
from slow evaporation of a toluene solution. The XRD data showed the structure (Figure 79) to 
be as expected. The bond angles and dihedral angles are all very close to what would be expected 
from each atom’s geometry. The data shows largest deviation from planer to be approximately 
5.5° as seen in the between the thiophene ring and the phenyl ring, as well as in the carboxylate 
methyl group. All other dihedral angles are very close to 0° or 180° expected, and all bond 
angles in the phenyl ring and carboxylate are close to 120° as expected with sp2 hybridization, 
except for the methyl group which is tetrahedral. The unit cell is orthorhombic in the Pna21 
space group, with all angles being 90°, and dimensions of approximately 6 x 7 x 23 Å. 
The method employed to effect the polymerization of the thiophene monomer 2.5 was a 
relatively standard oxidative-coupling method using anhydrous iron (III) chloride as the oxidant 
and chloroform as the solvent.62, 93 An attempt to obtain the protected thiophene polymer 2.6 by 
simply passing the reaction mixture through a small amount of silica gel using dichloromethane 
followed by an ethanol “rinse” of the column proved unsuccessful. A careful silica gel column 
chromatographic technique was, therefore, performed using a 9:1 mixture of hexane and ethyl 
acetate, followed by pure ethyl acetate, and then ethanol to yield the pure product. This pale 
yellow solid was found to be readily soluble in most common organic solvents. 
The proton NMR data for polymeric compound 2.6 (Figure 84) shows a significant 
change as compared to the NMR data for the monomeric compound 2.5. The proton NMR of 
compound 2.6 showed a complex spectrum of resonances from 7.32-8.14 ppm, including two 
broad multiplets observed at 7.51-7.56 and 7.65-7.71 ppm. This corresponds well with the 
literature report91 with resonances at 7.4-8.2 ppm. The resonance observed for the methyl group 
at 3.95 ppm also corresponds well with the literature report of 3.9 ppm, and resonances at 6.80-
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7.22 ppm compare well to 7.0-7.2 ppm reported for the thiophene proton.91 Several peaks 
reported in literature were not seen in our spectrum. Although literature reports peaks at 1.4-1.7 
(CH2), 3.3-3.5 (OCH2), and 4.3-4.5 ppm (OCH2),91 these assigned peaks do not represent any 
expected peaks for compound 2.6 and it is believed that these were residual starting material 
peaks from their method of polymerization. 
The FTIR for compound 2.6 showed several important peaks that are consistent with the 
literature reports, including absorptions t 2960, 1719, 1654, 1261, 1097 and 802 cm-1.  
 
Figure 84. Proton (1H) NMR of monomer 2.5 (left), and polymer 2.6 (right), in CDCl3. 
The UV-Visible spectra of monomer 2.5 and polymer 2.6 were measured and are given in 
Figure 85.  A blue shift of approximately 9 nm was observed in the spectrum of polymer 2.6 
relative to the monomer, with an absorption maximum at about 275 nm as compared to λmax of 
284 nm observed for the monomer 2.5.  Although small, this shift is inconsistent with an 
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extended conjugated system in the polymer relative to the monomeric species. In addition to the 
blue shift of the absorption maximum for 2.6, the spectrum of the polymer also exhibited a broad 
shoulder feature with a local maximum at 396 nm, which was not observed for the monomer. 
This shoulder is also consistent with the formation of extended π-conjugation, and with literature 
reports of other similar poly[3-(phenyl)thiophenes],94, 108, 109 suggesting successful 
polymerization. From spectroscopic evidence, work proceeded on the deprotection of the 
carboxylic acid functionality back into the desired free carboxylic acid moiety.  
 
Figure 85. The UV-Visible spectra of monomer 2.5 (blue) and polymer 2.6 (red), in chloroform. 
The synthetic procedure used for the generation of polymer with the free carboxylic acid 
functionality, compound 2.3, was adapted from the literature for our conversion of the methyl 
ester protected polymeric compound 2.6 to the final polymer with the regenerated carboxylic 
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acid moiety, compound 2.3.88-90 In this procedure, compound 2.6 was refluxed in 2 M NaOH 
before being acidified with HCl to produce a solid product.  
In 1999, Yashima, Goto, and Okamoto reported the first synthesis of polymer 2.3 where 
they reported that it was not soluble in common organic solvents and was characterized only by 
FT-IR data.91 In contrast to published reports, we found that the polymeric product 2.3 was 
sparingly soluble in DMSO, possibly due to the incomplete conversion of the methyl ester to the 
carboxylic acid with some ester groups remaining within the polymeric chain. From the proton 
NMR data for the product, however, it appears that the reaction went to near completion as 
demonstrated by the disappearance of the methyl peak at 3.86 ppm, as illustrated in Figure 86.  
The strong, quite broad FTIR absorption at 3348 cm-1 corresponds with the reported 
literature absorption at 3389 cm-1. Other absorptions observed in the spectrum of compound 2.3 
include 1701, 1618, 1092, that correspond well with the reported literature values of 1701, 1609 
and 1089 cm-1. The complete spectroscopic characterization of the product was limited, however, 
due to the relative insolubility of the product. 
 
Figure 86. The 1H NMR (DMSO-d6) of polymeric precursor 2.6 (A) and free carboxylic acid 
polymer compound 2.3 (B). 
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The comparison of the UV-Visible spectra for methyl ester polymer 2.6 and free 
carboxylic acid polymer 2.3 in DMSO is shown in Figure 87. Polymer 2.6 shows an absorption 
maximum at 275 nm, essentially the same as observed with chloroform as the solvent (Figure 
85). The spectrum for polymer 2.3 shows a flattening of the peak at 275 nm with a possible 
shoulder when compared to the spectrum for compound 2.6. This suggests a blue shift in the λmax 
for compound 2.3, such that the absorption maximum for 2.3 cannot be observed due to DMSO 
solvent cutoff at 268 nm. Also seen in the spectrum of polymer 2.3 is the disappearance of the 
shoulder approximately between 360 nm and 410 nm that was observed in the polymer 2.6. 
 
Figure 87. The UV-Visible spectra of polymer 2.6 (red) and 2.3 (blue), in DMSO. 
 
-­‐0.2	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
1.2	  
1.4	  
260	   360	   460	   560	   660	   760	  
A
b
so
rb
an
ce
	  	  
Wavenumber	  (nm)	  
Polymer	  2.3	  
Polymer	  2.6	  
143 
 
2.4.2 BNNS-polymer UV-Visible Spectrophotometric Study 
Once the polymers 2.3 and 2.6 were prepared and characterized, the next step of the 
investigation required was to attach the polythiophene polymer to exfoliated boron nitride 
nanosheets. This has previously been accomplished in our group through π-π stacking using 
polythiophenes with non-conjugated pendent groups.56 Exploration of BNNS-polymer interaction 
began with the simultaneous exfoliation and stabilization of BNNS with carboxylic acid polymer 
2.3. Bulk boron nitride, isopropanol, and polymer 2.3 (in pH adjusted DMSO) were sonicated 
together in hopes of exfoliating and immediately stabilizing the BNNSs. Although this method 
deviates somewhat from other BNNS-polythiophene preparations involving the in situ 
exfoliation of the BNNSs followed by stabilization with polythiophene,56 it has been successfully 
employed in the preparation of stabilized BNNS-polyvinylalcohol (PVA).78  
The UV-Visible spectrum of polymer 2.3, without any boron nitride added, shows a very 
broad absorption spectrum with a maximum at 280 nm (Figure 88). After 48 hours of sonication, 
the BNNS-polymer solution showed a narrowing of the absorption peak with an 8 nm red shift in 
the absorption maximum to 288 nm along with a weak shoulder at approximately 350 nm. 
Although this red shift is rather small, the narrowing of the absorption band and the shoulder are 
significant enough to indicate an interaction between the BN nanosheet and the thiophene 
polymer. Conversely, after the solution was allowed to stand for 24 hours, and recenterfuged, the 
UV spectrum showed an absorption maximum at 266 nm, a 14 nm blue shift from the native 
polymer and 22 nm blue shift from the BNNS-polymer complex prior to standing. The reason for 
this observation remains unexplained and was not further investigated; however, the observed 
spectral changes from the unreacted polymer to the product of its reaction with BNNS, along 
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with a absence of nanosheet aggregation after 24 hours strongly suggests that there is π-π 
interaction between the polymer and the BN nanosheets. 
 
Figure 88. The UV-Visible absorption spectra for Polymer 2.3 (blue), BNNS-polymer complex 
after 48 hours (red), and BNNS-polymer complex after an additional 24 hours (green). 
Attempts in demonstrating π-stacking interactions between the protected polymer 2.6 
with BNNS yielded some interesting results. Once the h-BN were successful exfoliated 
following literature preperation,62 the attachment of the polymer 2.6 was explored. In this 
procedure, based upon previous work in our laboratory, the exfoliated BNNS in isopropyl 
alcohol was treated with polymer 2.6 in chloroform such as to maintain a 20:1 polymer to BNNS 
ratio. UV-Visible spectra were obtained after the addition was complete and sonicated for 4 
hours. As seen in Figure 89, there was no observed shift in the absorption spectrum after 4 hours, 
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so the sonication was continued overnight. After 24 hours, a UV-Visible spectrum was again 
taken and showed no changes. 
 
Figure 89. UV-Visible spectra for the addition of exfoliated BNNS with polymeric compound 
2.6 before sonication (blue) and after 4 hours (red) and 24 hours (green) of sonication. 
The attachment of BNNS to the polymer 2.6 was also attempted using different 
concentrations of the BNNS and polymer solution while maintaining the same BNNS to polymer 
stoichiometry. These experiments yielded the same results with essentially no change in the 
absorption spectra relative to the free polymer absorption at 275 nm for polymer 2.6. These 
results are in strong contrast to the 40-120 nm shifts56, 62 reported by Pei Ma in similar 
experiments with different substituted polythiophene polymers. In previous work by Ma, it was 
shown, however, that several substituted thiophenes had clearly formed π-heterostructures 
between the polythiophene and the BNNS but yielded blue shifts, red shifts and even no shift 
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from the free polymer.56 For example, the thiophene polymer with a carboxylic acid unit directly 
attached to the thiophene ring (PTPA) showed no shift upon coordination to the BN exfoliated 
sheets even though this thiophene must have coordinated to some extent to the BNNS due to 
changes in the chemical behavior of the BNNS exfoliates. Ma showed that, while the UV-visible 
spectrum of the polythiophene PTPA with the carboxylic acid functionality did not produce an 
observable shift in comparison with the BNNSs, it must have coordinated to the BNNS.  
Although no absorption changes were seen, the stabilization provided by the PTPA polymer in 
the BNNSs dispersion was found to be quite similar to that observed for other substituted 
polythiophenes that showed a large UV spectral shift. In our work with compounds 2.3 and 2.6, 
there was no evidence to suggest that that the BNNSs were reaggregating into the bulk solid; 
thus, the prevention of aggregation of the exfoliated BN nanosheets by polymer 2.6 suggests the 
formation of a π-π stacking interaction between polythiophene and BNNSs.   
The mechanisms for the transfer of energy within polymers are complicated and 
extensive theoretical efforts have been made to relate conformation, excited state dynamics, and 
energy transfer with observed spectral shifts.110 In the case of the nanocomposite materials of 
BNNSs and polythiophene that were prepared in our work, along with the previous work of 
Ma,56, 62 the individual BNNSs and PT electronic structures are clearly different from those of 
the free components, although the magnitude and direction of the shifts are not well understood. 
It is possible that the rigid structure of pendant groups on the polythiophene backbone 
reduces the strength of the polythiophene-BNNS π-stacking interaction (Figure 90) while yet 
providing some stability to the exfoliates toward preventing aggregation. In BN nanotubes, the 
polythiophene units are proposed to attach to the boron nitride through π-stacking between the π-
orbitals on the nanostructure with the π-orbitals on the thiophene. The design of the phenyl 
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pedant group in 2.6 was hoped to facilitate conjugation between the polythiophene backbone and 
the aromatic pendant but it may be, however, that the pendant group becomes locked in plane 
with the thiophene ring system. Since the thiophene ring needs be lay fairly parallel to the BN 
surface, the rigidity of the phenyl carboxylate pendant group could be forcing the carboxylate too 
close to the BN sheet, thus disrupting to some significant extent the strength of the π-stacking 
between the thiophene and the BNNS from the sheet’s interaction with the pendant as well as the 
thiophene ring. It is also possible that the polymer coordinates to the BNNS system in a reverse 
orientation with the COOH functionality oriented towards the BNNS and the thiophene oriented 
away and not contributing to a π-π interaction.   
 
Figure 90. Schematic representation of the thiophene backbone lying flat against the BNNS in 
order for π-π stacking to occur.  
2.4.3 BNNS-Thiophene Theoretical Study 
In addition to the synthetic experimental work to explore possible π-π interactions 
between BN nanosheets and polythiophenes, we have also undertaken several molecular 
modeling computational experiments to better understand the possibilities of BN nanostructure-
polymer π-π stacking and to test the type of interaction between the h-BN surface and the bulky 
carboxylic acid group (2.3) and methyl carboxylate group (2.6) These theoretical calculations 
N
B
N
B
N
B
N
B
N
B
N
B
N
B
N
B
N
B
N
B
N
BB
N
B
N
B
N
B
N N
B
N
B
N
B
N
B
N
B
N N
B
N
B
B
N
B
B
N
B
N
N
B
N
B
N
B
S
O
O
148 
 
were performed using Gaussian at the B3LYP/6-31G(d,p) level in collaboration with Damian 
Allis.111 In this work, the thiophene monomers 2.2, 2.5, and 3-phenylthiophene (2.17) were 
optimized with an (8,0) BN nanotube, a (10,0) BN nanotube and a BN nanosheet using Gaussian 
at the B3LYP/6-31G(d,p) level. The structural optimizations and binding energies were 
calculated using both a basis set with dispersion interaction, and the same basis set without 
dispersion interactions. Phenylthiophene (without a carboxy group) was used as a control to 
show standard interaction between the BN and an aromatic substituted thiophene.  
This work is still ongoing, but recently completed optimizations showing the interactions 
between the thiophene compounds and the BN nanostructures are shown in Figures 91-95, with 
the binding energies and thiophene sulfur to nearest BN surface atom distances listed in Table 
18. The optimization of 3-phenylthiopehene (2.17) on all three surfaces shows the thiophene 
monomer binds as predicted with the molecule laying flat with its long axis approximately 
parallel to the BN surface as required for π-π bonding to occur. With dispersion interactions 
included the binding energy gets larger as the surface gets flatter, from 87 to 93 to 112 kJ/mol. 
This is consistent with literature data of aromatics on BN surfaces.83, 85 Additionally, for 
compound 2.17 the thiophene-BNNS distance does not significantly change showing a distance 
of 3.51 +/- 0.02 Å for all surfaces. These data are similar to the literature result of unsubstituted 
thiophene on an (8,0) BNNT showing an average ring to surface distance of 3.2 Å.83 
The carboxylic acid monomer 2.2, was shown to sit the same way as compound 2.17 
when on both BNNT surfaces; and again, increasing in binding energy from the (8,0) BNNT (98 
kJ/mol) to the (10,0) BNNT (110 kJ/mol), to BNNS (136 kJ/mol). However, in contrast to the 
phenyl thiophene, the bond distances increase approximately 0.1 Å as it gets flatter, going from 
3.42 Å, to 3.53 Å and finally 3.60 Å on the BNNS. The optimized structures of methyl benzoate 
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compound 2.5 on both BNNT surfaces were shown to lay the same as 2.17 and 2.2, and increase 
in binding energy from the (8,0) surface (75 kJ/mol) to the (10,0) surface (114 kJ/mol) and the 
BNNS surface (143 kJ/mol). The sulfur to BN distance increases from 3.33 Å on the (8,0) BNNT 
to 3.50 Å on the (10,0) BNNT, however the decreases to 3.39 Å on the flat BNNS. It is 
suggested that this decrease in thiophene-surface distance is from the methyl group in compound 
2.5 being forced perpendicular to the BNNS, not parallel like the rest of the molecule, thus not 
pushing the monomer away from the sheet. 
The optimization of compounds 2.2, 2.5 and 2.17 on the three BN surfaces was also 
performed using B3LYP basis set without correction for dispersion interactions. Compound 2.17 
shows the same flat parallel structure as seen with dispersion forces, but the calculated binding 
energies are significantly lower, at approximately 8-20 % of the binding energy with dispersion 
interactions. Interestingly, the optimized structures of the methyl benzoate (2.5) on both BNNT 
surfaces are near parallel to the BN surface; however, the monomer is slightly angled with the 
oxygen atoms lower to the BN surface than the thiophene ring. The calculated binding energy 
was approximately 8-15 % of the energy exhibited under dispersion forces. Thiophene monomer 
2.2 optimized on both BNNT surfaces was found to reverse its orientation relative to the BN 
nanotube with the carboxylic acid unit hydrogen bonded to the nitrogen in the BN surface and 
with the thiophene end of the molecule is directed away from the BNNT. The molecular long 
axis of the thiophene molecule in this case is nearly perpendicular to the axis of the nanotube. 
The optimization of compound 2.2 on BNNS shows a structure consistent with the main parallel 
orientation and inconstant with that of the non-dispersion 2.2 on a nanotube. Thiophene sulfur to 
BN surface distances ranged from 3.97-5.58 Å, and were 11.71 and 11.81 Å for the reverse 
orientated compound 2.2 on BNNT surfaces. These distances are significantly larger than the 
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distances seen in the calculations with dispersion interactions included. For all thiophene 
monomers on all three BN surfaces, it appears that the thiophene π-interaction with the 
nanostructure is the preferred conformation although the carboxylic acid bonding with the BN 
nitrogen atom sites suggests the possibility of either conformation, presumably due to the weak 
π-π interaction of the thiophene with the BNNT. 
Table 18. The binding energies (kJ/mol) for the optimized structures of compounds 2.2 
(carboxylic acid), 2.5 (methyl ester), and 2.17 (phenyl) on (8,0) BNNT, (10,0) BNNT, and 
BNNS surfaces, as well as the distance (Å) from the thiophene sulfur atom to the nearest atom on 
the BN surface. 
BN-thiophene Complexes Binding energies (kJ/mol) S-BN distance (Å, nearest atom) 
 Dispersion Non-dispersion Dispersion Non-dispersion 
(8,0) BNNT-2.2 -98.5751 -21.8990* 3.42 11.72 (2.03)* 
 (8,0) BNNT-2.5 -75.9627 -9.1404 3.33 4.13 
(8,0) BNNT-2.17 -87.7303 -9.8180 3.49 3.97 
     
(10,0) BNNT-2.2  -110.8706 -27.3707* 3.53 11.81 (2.05)* 
(10,0) BNNT-2.5  -114.3467 -17.1982 3.50 5.56 
(10,0) BNNT-2.17  -93.3675 -18.3118 3.53 4.12 
     
BNNS-2.2 -136.6057 -12.4350 3.60 5.26 
BNNS-2.5 -143.5263 -11.0340 3.39 5.58 
BNNS-2.17 -112.8241 -8.9955 3.51 4.14 
*As a result of the thiophene preferring perpendicular orientation, the energies calculated are 
from the H-bond between the carboxylic acid proton and the BN surface nitrogen, and the 
distances in parenthesis are the H-N hydrogen-bond distances. 
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Figure 91. The B3LYP optimized structure compounds 2.2 (top), 2.5 (middle), and 2.17 
(bottom) on the (8,0) BNNT surface, with dispersion forces. 
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Figure 92. The B3LYP optimized structure compounds 2.2 (top), 2.5 (middle), and 2.17 
(bottom) on the (10,0) BNNT surface, with dispersion forces. 
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Figure 93. The B3LYP optimized structure compounds 2.5 (top) and 2.17 (bottom) on the 
BNNS surface, with dispersion forces. 
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Figure 94. The B3LYP optimized structure compounds 2.2 (top), 2.5 (middle), and 2.17 
(bottom) on the (8,0) BNNT surface, without dispersion forces. 
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Figure 95. The B3LYP optimized structure compounds 2.2 (top), 2.5 (middle), and 2.17 
(bottom) on the (10,0) BNNT surface, with out dispersion forces. 
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2.4.4 Attempted Synthesis and Characterization of Polymers 2.11a and 2.11b 
In order to further explore the effect of the pendent groups on the π-stacking interactions 
of the thiophene polymeric backbone with the BNNS, additional thiophene-based polymers were 
explored with the intent of maintaining the conjugation between the thiophene ring system and 
the pendant group while allowing increased flexibility of the unit to facilitate the thiophene 
ring’s π-stacking with the BNNS. The basic structure of the polymer employed was essentially 
the same as polymer 2.6 but with the addition of a bridging carbonyl unit located between the 
thiophene ring and the phenyl ring. Because of the starting materials and the synthetic route 
employed, it was decided to explore the synthesis of the new polymers using both m- and p-
substituted phenyl rings. Scheme 6 shows the synthetic scheme explored for the preparation of 
the p-phenyl-substituted polythiophene compound 2.12a and the m-phenyl polythiophene 
compound 2.12b.  These two products follow the same synthetic scheme except that the 
synthesis employed either 1,3-dibromobenzene, to prepare 2.12a, or the 1,4-dibromobenzene, to 
prepare 2.12b, as starting materials depending upon the desired product. While the p-substituted 
phenyl thiophene compound 2.11a had been reported previously in literature,104 the m-substituted 
analog 2.11b, as well as both of polymerized polythiophene forms 2.12a and 2.12b, have not 
been reported. 
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Scheme 6. The synthetic pathway for the preparation of polymer 2.12a. Polymer 2.12b follows 
the same reaction scheme, but starting with m-dibromobenzene instead of p-dibromobenzene. 
In this synthesis, the starting material, either 1,4-dibromobenzene or 1,3-
dibromobenzene, was first converted to 4-bromobenzoic acid (2.8a) and 3-bromobenzoic acid 
(2.8b), respectively. These carboxylic acid compounds were then reacted with acidic methanol to 
form the methyl 4-bromobenzoate (2.9a) or the methyl 3-bromobenzoate (2.9b) through well-
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known chemistry.88, 112 These first two steps to achieve methyl 3- or 4-bromobenzoate (2.9b, 
2.9a) were successful and resulted in good yields of the products (≥70 % combined). The NMR 
data for products 2.9a and 2.9b corresponded well with the data from previous published 
reports.97-100 Before these compounds were reacted with 3-bromothiophene to form the monomers 
2.11a and 2.11b, they were first converted to the boronic ester using the a Suzuki reaction with 
bis(pinacolato)diboron. The synthesis of these boronate intermediate compounds 2.10a and 
2.10b was successful, however, problems with purification methods resulted in somewhat lower 
yields (35-45%).  
Boronate compound 2.10a was successfully chromatographically purified and the proton 
NMR data showed doublets at 8.01 and 7.86 ppm, corresponding to protons on the 1,4-
disubstituted phenyl ring, singlets at 3.90 ppm for the carboxylate methyl, and a resonance at 
1.34 ppm from the 4 methyl groups on the boronate ester. These values corresponded very well 
with the reported literature values.101, 103 The 13C NMR showed the carbonyl resonance at 167.2 
ppm, the phenyl carbon resonances at 134.8, 132.4, and 128.7 ppm, a resonance at 84.3 ppm for 
the boronate carbons, a resonance at 52.2 ppm for the carboxylate methyl, and a resonance at 
25.0 ppm for the boronate methyl protons. Even though only three unique aromatic carbon peaks 
were observed, the NMR data obtained were consistent with the reported literature values103 
Although compound 2.10b could not be completely purified after repeated purification 
attempts, the product proton NMR showed successful conversion to the product with good 
purity. The resonances at 8.46 (s), 8.12 (d), 7.97 (d), 7.44 (t) ppm are consistent with 1,3-
disubstituted phenyl rings and correspond well to literature values. Additionally, the singlet 
resonance at 3.91 for the carboxylate methyl, and the singlet 1.34 ppm for the four boronate 
methyl groups corresponded well with literature values.102  
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The attempted couplings of 3-bromothiophene with carbon monoxide and 2.10a and 
2.10b to form the thiophene monomers 2.11a and 2.11b were not successful. Although peaks 
matching the literature for compound 2.11a were seen in the proton NMR in very small yield, the 
NMR mainly showed unreacted 2.10a. The 13C NMR also failed to show the thiophene-CO-
phenyl carbon, previously reported at 189.2 ppm.104  
The failure of attempted synthesis of 2.11a to produce the product with reasonable yield 
was most likely due to he use of toluene as a solvent. As reported, the reaction (Figure 96A) 
employed anisole (methoxybenzene) as a solvent to produce the product (2.11a) in 87% yield.104 
While experimenting with reaction conditions (Figure 96B), Li, Yang, Qi, Xue also reported the 
formation of 4-methoxybenzophenone (2.18) in 82% and ≥99 % selectivity for 2.18 when using 
anisole; however, when using toluene as a solvent the yield dropped to 60 % with 79 % 
selectivity for 2.18, with the remaining being the competing cross coupling product 4-
methoxybiphenyl (2.19).104 Even though toluene was reported to diminish yield and selectivity, 
the reaction with toluene as a solvent still produced reasonable yields. Therefore, our reaction 
(Figure 97) employed toluene as a solvent in hopes of achieving a reasonable, yet lower than 
reported, yield of the desired compound 2.12a. However, this was shown to be not the case. 
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Figure 96. (A) The literature reaction for the synthesis of 2.11a, (B) the literature reaction 
reported for the coupling reaction without anisole.104 
 
Figure 97. The attempted coupling reaction to produce compound 2.11a without anisole. 
Although there is no literature precedent for thiophene monomer 2.11b, the unsuccessful 
results of the attempted coupling were the same as seen in 2.11a. The proton NMR failed to 
show any changes from the spectrum of the starting boronate and the 13C NMR spectrum failed 
to show the thiophene-CO-phenyl carbonyl resonance.  
Even though the attempted synthesis of 2.11a and 2.11b were unsuccessful, these 
reactions may be still worth pursuing in the future.62, 93 
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2.4.5 BNNS-thiophene Stabilization and UV-visible Study 
There have been several reports of theoretical work involving computations showing the 
nature of the π-π interactions between BN nanostructures and thiophenes,83-85 including our own 
work presented in section 2.4.3.111 However, as far as we know, there are no reports 
experimentally studying the computational predictions found for monomeric thiophenes as able 
to stabilize and functionalize h-BN materials. To explore this, several monomeric compounds 
(compounds 2.13, 2.14, 2.15, 2.16, Figure 98) were chosen and studied based on being readily 
commercially available and previously shown to successfully stabilize BNNSs in polymeric their 
form.56, 62  
 
Figure 98. The derivatized thiophene monomers used in the attempted stabilization of BNNSs.  
After preparation of the BNNS exfoliated sheets, a small amount of each monomer was 
added to the BNNSs in solution. Each BNNS-monomer mixture was studied at a 1:40 BNNS to 
thiophene ratio. The UV absorption spectrum for each experiment was measured at various time 
intervals as given in Table 19 and shown for each unreacted monomer in Figures 99-102. For 
each compound, the spectrum of the non-complexed monomer is given for comparison purposes.  
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The spectrum of each BNNS-monomer reaction (compounds 2.13a-2.16a) was found to 
match the spectrum of each unreacted monomer with no change in their absorption spectra upon 
reaction with the exfoliated BNNS sheets. The general trend for the observed decreasing overall 
absorbance intensity over time seen for each monomer can be attributed to the aggregation and 
precipitation of BN from solution.  These observations have led us to the conclusion that 
monomeric compounds do not sufficiently stabilize BNNSs.  
While we cannot experimentally show whether there is any interaction between the 
thiophene monomers and the BNNSs, we can suggest that any interaction must not be strong 
enough to the BNNSs from reaggregating into bulk BN, seen as white precipitate. Theoretical 
calculations show that the unsubstituted monomeric thiophenes on (8,0) BNNT have a binding 
energy of 7.35 kcal/mol, 83 and that the unsubstituted polymeric polythiophene (11 monomeric 
units) was shown to have a much higher binding energy of 422.3 kcal/mol on a (9,9) BNNT and 
423.8 kcal/mol on a (10,10) BNNT.82 This is equivalent of approximately 38 kcal/mol for every 
thiophene unit in the polymer. Although not directly comparable since these were different basis 
sets, the results clearly show that per thiophene unit, the polymerized form binds with 
approximately 5 times the energy as the single thiophene.  
The added stabilization effects from the polymeric form, compared to monomeric form, 
are most likely caused by wrapping effects. Wrapping is a process where, because of the long 
chain backbone, the polymer wraps around the nanotube to envelope the surface. This has been 
seen for both BNNTs and CNTs. Polymer wrapping of nanotubes has been studied previously 
and is suggested as a reason for the increased π-π interaction with the nanotubes and polymers 
versus monomers.82, 113-115 Although no work has been reported on the characteristics and nature 
of polymer wrapping and nanosheets, the strong non-covalent interactions shown both 
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experimentally,56, 62, 67, 78-81 and computationally,82 would suggest a similar interaction, although 
the wrapping might take the form of simple polymer chain flexibility in bending across the 
BNNS surfaces. 
Table 19. The comparison of the UV-visible spectra for compounds 2.13-2.16. 
 λmax (nm) λmax (nm) λmax (nm) 
Compound 0 hours 24 hours 96 hours 
BrT (2.13) 244 N/A N/A 
BNNS-BrT (2.13a) 242 242 242 
HT (2.14) 235 N/A N/A 
BNNS-HT (2.14) 231 232 235 
TCA (2.15) 239 N/A N/A 
BNNS-TCA (2.15a) 239 239 N/A 
TAA (2.16) 234 N/A N/A 
BNNS-TAA (2.16a) 234 234 N/A 
 
 
 
Figure 99. UV spectra for 3-bromothiophene (2.13), and BNNS-BrT complex (2.13a). 
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Figure 100. The UV spectra for 3-hexylthiophene (2.14), and BNNS-HT complex (2.14a). 
 
Figure 101. The UV spectra of 3-thiophenecarboxylic acid (2.15), and BNNS-TCA complex 
(2.15a). 
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Figure 102. UV spectra of 3-thiopheneacetic acid (2.16), and BNNS-TAA complex (2.16a). 
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2.5 Conclusion and Future Work 
Significant progress has been made toward new BNNS-polythiophene-TiO2 complexes 
with fully conjugated polythiophenes and synthetic work on four polymers has been explored. 
Future work should include functionalization of BNNS-polymer conjugate with TiO2 
nanoparticles, followed by testing of the BNNS-polythiophene-TiO2 hybrid material in a 
photovoltaic device. If this cell is more efficient than preliminary structures tested in our group, 
then it could be concluded that conjugation through the backbone and the pendent group play an 
increased role in the system’s electron transport processes. If this cell does not perform better 
than previous polymers tested, then it might suggest that a conjugated pendent group does not 
necessarily increase the function of electron flow from BNNS to the semiconductor.  
Computational work involving derivatized thiophenes with BN surfaces is still in 
progress. It is anticipated that these calculations will provide a comparison of bonding 
interactions of the thiophene monomers 2.2 (thiophene benzoic acid) 2.5 (thiophene methyl 
benzoate) and 2.17 (phenyl thiophene) on three BN surfaces, (8,0) BNNT, (10,0) BNNT, and 
BNNS. These computations should paint a good picture of the type and strength of the 
interactions. 
Work on monomeric non-covalent functionalization has concluded with no successful 
BNNS-monomer complex being demonstrated experimentally. This work seemingly supports 
previous computational work that the π-stacking of h-BN with single thiophene based molecules 
has a very low bond energy, which most likely inhibits the thiophene from stabilizing the BNNS 
preventing aggregation.  
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Appendix A 
Crystallographic data 
 
 
 
 
Figure A1. The ORTEP drawing, crystallographic data and structure refinement for bis(3-(1,2-
dicarba-closo-dodecaborane-1-yl)phenyl)methanone (1.3). Hydrogen atoms removed for clarity.  
 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell esds are taken into account individually in the 
estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) 
treatment of cell esds is used for estimating esds involving l.s. planes. 
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Table A1. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for bis(3-(1,2-dicarba-closo-dodecaborane-1-yl)phenyl)methanone (1.3). 
 x y z Uiso*/Ueq Occ. (<1) 
B1 0.7744 (3) 0.4852 (2) 0.9752 (3) 0.0383 (9)  
H1 0.8248 0.5313 1.0240 0.046*  
B2 0.8502 (3) 0.42189 (19) 0.9174 (3) 0.0389 (9)  
H2 0.9504 0.4265 0.9280 0.047*  
B3 0.7468 (3) 0.39037 (18) 0.7948 (3) 0.0397 (9)  
H3 0.7769 0.3742 0.7237 0.048*  
B4 0.7771 (4) 0.3381 (2) 0.9131 (3) 0.0499 (10)  
H4 0.8287 0.2865 0.9215 0.060*  
B5 0.7931 (3) 0.3963 (2) 1.0242 (3) 0.0456 (10)  
H5 0.8556 0.3830 1.1069 0.055*  
B6 0.6244 (3) 0.34751 (18) 0.8259 (3) 0.0428 (9)  
H6 0.5732 0.3026 0.7745 0.051*  
B7 0.6523 (3) 0.4412 (2) 1.0068 (3) 0.0408 (9)  
H7 0.6213 0.4577 1.0772 0.049*  
B8 0.6228 (3) 0.49501 (19) 0.8899 (3) 0.0357 (8)  
H8 0.5725 0.5471 0.8806 0.043*  
B9 0.6539 (3) 0.3497 (2) 0.9682 (3) 0.0419 (9)  
H9 0.6239 0.3055 1.0126 0.050*  
B10 0.5483 (3) 0.41103 (19) 0.8849 (3) 0.0392 (9)  
H10 0.4477 0.4078 0.8728 0.047*  
O1 0.5903 (2) 0.54224 (17) 0.43726 (19) 0.0393 (12) 0.759 (7) 
C1 0.6820 (7) 0.5963 (3) 0.4767 (7) 0.0384 (18) 0.759 (7) 
C1A 0.670 (5) 0.594 (3) 0.466 (3) 0.19 (3) 0.241 (7) 
O1A 0.5862 (10) 0.6152 (8) 0.4304 (9) 0.061 (5) 0.241 (7) 
B11 0.6548 (7) 0.7629 (4) 0.1401 (7) 0.0291 (18) 0.575 (8) 
H11 0.5764 0.7436 0.1669 0.035* 0.575 (8) 
B12 0.7046 (10) 0.7132 (4) 0.0466 (6) 0.037 (2) 0.575 (8) 
H12 0.6590 0.6617 0.0125 0.044* 0.575 (8) 
B13 0.8621 (11) 0.7265 (6) 0.0750 (13) 0.042 (4) 0.575 (8) 
H13 0.9194 0.6827 0.0567 0.051* 0.575 (8) 
B14 0.9161 (7) 0.7824 (6) 0.1908 (8) 0.044 (2) 0.575 (8) 
H14 1.0107 0.7774 0.2487 0.053* 0.575 (8) 
B15 0.6789 (8) 0.8538 (5) 0.1238 (8) 0.035 (2) 0.575 (8) 
H15 0.6164 0.8961 0.1377 0.042* 0.575 (8) 
B16 0.8400 (14) 0.8686 (9) 0.1647 (16) 0.060 (7) 0.575 (8) 
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H16 0.8832 0.9181 0.2085 0.072* 0.575 (8) 
B17 0.8903 (8) 0.8175 (6) 0.0583 (9) 0.043 (2) 0.575 (8) 
H17 0.9676 0.8360 0.0292 0.052* 0.575 (8) 
B18 0.7632 (14) 0.7746 (7) -0.0291 (12) 0.038 (3) 0.575 (8) 
H18 0.7563 0.7643 -0.1159 0.045* 0.575 (8) 
B19 0.6328 (8) 0.7969 (4) 0.0108 (6) 0.041 (2) 0.575 (8) 
H19 0.5397 0.8012 -0.0497 0.049* 0.575 (8) 
B20 0.7499 (12) 0.8639 (10) 0.0193 (13) 0.042 (3) 0.575 (8) 
H20 0.7368 0.9122 -0.0339 0.050* 0.575 (8) 
C17 0.7769 (10) 0.8035 (5) 0.2217 (7) 0.034 (2) 0.575 (8) 
H17A 0.7765 0.8116 0.3072 0.041* 0.575 (8) 
B21 0.9065 (14) 0.8014 (7) 0.2432 (10) 0.054 (4) 0.425 (8) 
H21 0.9656 0.8066 0.3293 0.065* 0.425 (8) 
B22 0.6904 (12) 0.7441 (9) 0.0991 (15) 0.065 (5) 0.425 (8) 
H22 0.6040 0.7133 0.0889 0.078* 0.425 (8) 
B23 0.9441 (16) 0.8386 (7) 0.1346 (14) 0.080 (4) 0.425 (8) 
H23 1.0302 0.8699 0.1459 0.096* 0.425 (8) 
B24 0.814 (3) 0.7095 (13) 0.063 (2) 0.089 (10) 0.425 (8) 
H24 0.8190 0.6550 0.0287 0.107* 0.425 (8) 
B25 0.883 (2) 0.7824 (10) 0.0243 (16) 0.115 (9) 0.425 (8) 
H25 0.9293 0.7768 -0.0397 0.137* 0.425 (8) 
B26 0.800 (3) 0.8582 (14) 0.037 (2) 0.118 (13) 0.425 (8) 
H26 0.7872 0.9054 -0.0186 0.142* 0.425 (8) 
B27 0.826 (3) 0.8688 (13) 0.161 (2) 0.104 (16) 0.425 (8) 
H27 0.8331 0.9252 0.1912 0.125* 0.425 (8) 
B28 0.725 (2) 0.7815 (14) -0.0101 (16) 0.081 (8) 0.425 (8) 
H28 0.6649 0.7749 -0.0956 0.098* 0.425 (8) 
B29 0.689 (3) 0.8354 (13) 0.079 (2) 0.133 (11) 0.425 (8) 
H29 0.6004 0.8651 0.0566 0.159* 0.425 (8) 
B30 0.9445 (14) 0.7471 (8) 0.1542 (14) 0.067 (4) 0.425 (8) 
H30 1.0330 0.7172 0.1833 0.080* 0.425 (8) 
C17B 0.759 (3) 0.8017 (14) 0.210 (2) 0.168 (13) 0.425 (8) 
H17B 0.7236 0.8112 0.2801 0.201* 0.425 (8) 
C2 0.7472 (2) 0.58909 (16) 0.5939 (2) 0.0363 (7)  
C3 0.7163 (3) 0.53739 (16) 0.6574 (2) 0.0326 (7)  
C4 0.7738 (2) 0.53481 (14) 0.7686 (2) 0.0290 (6)  
C5 0.8619 (3) 0.58533 (16) 0.8159 (2) 0.0398 (8)  
C6 0.8920 (3) 0.63739 (18) 0.7521 (3) 0.0450 (8)  
C7 0.8360 (3) 0.63903 (17) 0.6420 (3) 0.0409 (8)  
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C8 0.7650 (3) 0.60087 (17) 0.4043 (2) 0.0410 (8)  
C9 0.7520 (3) 0.65736 (16) 0.3324 (2) 0.0349 (7)  
C10 0.8231 (3) 0.66241 (15) 0.2633 (2) 0.0347 (7)  
C11 0.9094 (3) 0.61001 (17) 0.2660 (3) 0.0456 (8)  
C12 0.9244 (3) 0.55295 (19) 0.3382 (3) 0.0536 (9)  
C13 0.8536 (3) 0.54908 (18) 0.4068 (3) 0.0465 (8)  
C14 0.7421 (2) 0.47795 (14) 0.8377 (2) 0.0275 (6)  
C15 0.6133 (3) 0.43414 (15) 0.7884 (2) 0.0355 (7)  
H15A 0.5508 0.4478 0.7059 0.043*  
C16 0.8061 (3) 0.72360 (15) 0.1843 (2) 0.0403 (8)  
H13A 0.870 (3) 0.5128 (19) 0.465 (3) 0.072 (11)*  
H12A 0.985 (3) 0.5133 (19) 0.339 (3) 0.071 (11)*  
H11A 0.958 (3) 0.6108 (16) 0.212 (2) 0.057 (9)*  
H9A 0.687 (3) 0.6957 (15) 0.334 (2) 0.042 (8)*  
H7A 0.856 (3) 0.6759 (18) 0.595 (3) 0.065 (10)*  
H6A 0.953 (3) 0.6747 (17) 0.789 (3) 0.060 (10)*  
H5A 0.904 (2) 0.5847 (14) 0.895 (2) 0.038 (8)*  
H3A 0.653 (3) 0.5028 (15) 0.622 (2) 0.037 (8)*  
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Table A2. Atomic displacement parameters (Å2) for bis(3-(1,2-dicarba-closo-dodecaborane-1-
yl)phenyl)methanone (1.3). 
 U11 U22 U33 U12 U13 U23 
B1 0.034 (2) 0.057 (2) 0.0253 (17) -0.0090 (17) 0.0110 (15) -0.0057 (16) 
B2 0.0291 (18) 0.054 (2) 0.0347 (19) 0.0077 (16) 0.0107 (16) 0.0091 (16) 
B3 0.051 (2) 0.036 (2) 0.038 (2) 0.0013 (17) 0.0225 (17) -0.0021 (16) 
B4 0.053 (2) 0.043 (2) 0.060 (3) 0.0125 (19) 0.026 (2) 0.0161 (19) 
B5 0.0309 (19) 0.071 (3) 0.034 (2) 0.0005 (18) 0.0085 (16) 0.0148 (18) 
B6 0.054 (2) 0.034 (2) 0.041 (2) -0.0109 (18) 0.0143 (18) 0.0030 (16) 
B7 0.0314 (19) 0.059 (2) 0.0373 (19) -0.0062 (17) 0.0187 (16) 0.0001 (17) 
B8 0.0266 (17) 0.045 (2) 0.0402 (19) -0.0018 (16) 0.0177 (15) -0.0036 (16) 
B9 0.039 (2) 0.050 (2) 0.036 (2) -0.0019 (17) 0.0105 (16) 0.0135 (17) 
B10 0.0288 (18) 0.047 (2) 0.042 (2) -0.0049 (16) 0.0118 (16) 0.0091 (17) 
O1 0.0314 (18) 0.056 (3) 0.0271 (15) -0.0140 (14) 0.0035 (12) 0.0037 (13) 
C1 0.028 (4) 0.050 (3) 0.037 (5) -0.011 (3) 0.009 (3) 0.011 (3) 
C1A 0.09 (3) 0.42 (7) 0.024 (17) -0.15 (4) -0.011 (17) 0.03 (2) 
O1A 0.037 (7) 0.116 (14) 0.030 (6) 0.027 (7) 0.008 (5) 0.026 (6) 
B11 0.022 (4) 0.028 (4) 0.037 (4) 0.004 (3) 0.009 (3) 0.005 (3) 
B12 0.055 (5) 0.035 (4) 0.021 (4) 0.009 (4) 0.010 (4) 0.002 (3) 
B13 0.048 (6) 0.046 (8) 0.042 (7) 0.023 (6) 0.027 (6) 0.012 (7) 
B14 0.022 (4) 0.067 (7) 0.038 (6) -0.009 (4) 0.002 (4) 0.013 (5) 
B15 0.038 (4) 0.028 (4) 0.049 (5) 0.008 (3) 0.028 (4) 0.012 (3) 
B16 0.056 (7) 0.055 (12) 0.061 (12) -0.033 (7) 0.006 (7) 0.015 (8) 
B17 0.037 (4) 0.045 (6) 0.056 (7) -0.002 (4) 0.025 (5) 0.017 (6) 
B18 0.050 (6) 0.031 (4) 0.042 (5) 0.004 (4) 0.031 (5) 0.007 (4) 
B19 0.042 (5) 0.035 (4) 0.038 (4) -0.007 (3) 0.000 (4) 0.003 (3) 
B20 0.059 (5) 0.042 (6) 0.033 (7) 0.014 (4) 0.028 (5) 0.005 (5) 
C17 0.058 (5) 0.023 (5) 0.021 (4) -0.010 (4) 0.013 (4) -0.002 (3) 
B21 0.075 (9) 0.055 (7) 0.038 (7) -0.012 (6) 0.026 (7) -0.015 (6) 
B22 0.029 (7) 0.071 (12) 0.088 (14) -0.013 (8) 0.006 (8) 0.028 (10) 
B23 0.120 (12) 0.060 (9) 0.083 (11) -0.043 (8) 0.065 (10) -0.002 (7) 
B24 0.18 (3) 0.056 (9) 0.035 (8) -0.026 (15) 0.033 (17) -0.013 (6) 
B25 0.22 (3) 0.084 (13) 0.076 (12) -0.068 (15) 0.093 (15) -0.020 (10) 
B26 0.26 (4) 0.040 (12) 0.044 (10) -0.03 (2) 0.03 (2) 0.016 (8) 
B27 0.23 (4) 0.034 (14) 0.031 (13) 0.030 (14) 0.012 (15) 0.011 (10) 
B28 0.08 (2) 0.102 (17) 0.040 (11) -0.026 (14) -0.006 (10) 0.017 (10) 
B29 0.15 (2) 0.11 (2) 0.16 (3) 0.085 (17) 0.08 (2) 0.09 (2) 
B30 0.068 (10) 0.069 (10) 0.086 (11) -0.013 (7) 0.057 (10) -0.005 (8) 
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C17B 0.29 (4) 0.108 (19) 0.16 (2) 0.11 (2) 0.16 (2) 0.039 (17) 
C2 0.0269 (15) 0.0493 (19) 0.0316 (17) -0.0031 (14) 0.0073 (13) 0.0090 (14) 
C3 0.0279 (15) 0.0407 (18) 0.0292 (15) -0.0078 (14) 0.0085 (13) -0.0003 (13) 
C4 0.0262 (15) 0.0328 (16) 0.0300 (15) 0.0022 (13) 0.0116 (12) 0.0004 (12) 
C5 0.0425 (18) 0.0428 (19) 0.0306 (17) -0.0106 (15) 0.0058 (14) -0.0027 (14) 
C6 0.0462 (19) 0.0440 (19) 0.0425 (19) -0.0154 (17) 0.0100 (16) -0.0009 (16) 
C7 0.0360 (17) 0.0419 (19) 0.0448 (19) -0.0042 (15) 0.0122 (15) 0.0119 (15) 
C8 0.0346 (17) 0.050 (2) 0.0335 (17) -0.0090 (16) 0.0034 (14) 0.0081 (15) 
C9 0.0284 (16) 0.0456 (19) 0.0313 (16) -0.0009 (14) 0.0098 (13) 0.0052 (14) 
C10 0.0349 (17) 0.0393 (17) 0.0319 (16) -0.0040 (14) 0.0130 (13) -0.0003 (13) 
C11 0.051 (2) 0.052 (2) 0.0376 (18) 0.0137 (17) 0.0193 (16) 0.0036 (16) 
C12 0.062 (2) 0.052 (2) 0.045 (2) 0.0189 (19) 0.0133 (18) 0.0013 (17) 
C13 0.057 (2) 0.042 (2) 0.0365 (18) -0.0051 (17) 0.0075 (17) 0.0070 (15) 
C14 0.0246 (14) 0.0333 (16) 0.0250 (14) -0.0015 (12) 0.0079 (11) -0.0014 (12) 
C15 0.0326 (16) 0.0385 (17) 0.0308 (16) -0.0118 (14) 0.0027 (13) 0.0016 (13) 
C16 0.0509 (19) 0.0376 (18) 0.0415 (18) 0.0029 (15) 0.0275 (15) 0.0047 (14) 
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Figure A2. The ORTEP drawing, crystallographic data and structure refinement for bis(3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (1.10).  
 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell esds are taken into account individually in the 
estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) 
treatment of cell esds is used for estimating esds involving l.s. planes. 
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Table A3. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for bis(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (1.10). 
 x y z Uiso*/Ueq 
B1 0.6486 (2) 0.3495 (3) 0.63242 (15) 0.0180 (7) 
B2 0.8485 (2) 0.3752 (3) 0.36923 (15) 0.0210 (7) 
C1 0.7497 (2) 0.7492 (2) 0.51198 (13) 0.0239 (6) 
C2 0.6679 (2) 0.6729 (2) 0.54083 (13) 0.0192 (6) 
C3 0.5644 (2) 0.7256 (2) 0.54046 (13) 0.0221 (6) 
H3 0.5470 0.8085 0.5213 0.027* 
C4 0.4867 (2) 0.6582 (2) 0.56774 (13) 0.0214 (6) 
H4 0.4160 0.6943 0.5667 0.026* 
C5 0.5124 (2) 0.5378 (2) 0.59654 (13) 0.0212 (6) 
H5 0.4586 0.4916 0.6148 0.025* 
C6 0.6164 (2) 0.4830 (2) 0.59924 (12) 0.0165 (6) 
C7 0.6927 (2) 0.5523 (2) 0.57057 (12) 0.0175 (6) 
H7 0.7634 0.5163 0.5714 0.021* 
C8 0.8303 (2) 0.6829 (2) 0.47647 (13) 0.0198 (6) 
C9 0.9289 (2) 0.7438 (2) 0.47213 (14) 0.0254 (7) 
H9 0.9451 0.8257 0.4931 0.030* 
C10 1.0032 (2) 0.6861 (3) 0.43764 (14) 0.0274 (7) 
H10 1.0713 0.7270 0.4364 0.033* 
C11 0.9785 (2) 0.5692 (2) 0.40497 (14) 0.0240 (6) 
H11 1.0296 0.5310 0.3807 0.029* 
C12 0.8803 (2) 0.5059 (2) 0.40683 (13) 0.0190 (6) 
C13 0.8076 (2) 0.5646 (2) 0.44349 (13) 0.0188 (6) 
H13 0.7406 0.5224 0.4460 0.023* 
C14 0.6364 (2) 0.1530 (2) 0.68101 (14) 0.0208 (6) 
C15 0.7593 (2) 0.1884 (2) 0.68502 (14) 0.0233 (6) 
C16 0.5885 (2) 0.0644 (3) 0.61911 (15) 0.0341 (8) 
H16A 0.5078 0.0606 0.6128 0.051* 
H16B 0.6198 -0.0210 0.6297 0.051* 
H16C 0.6068 0.0963 0.5747 0.051* 
C17 0.6138 (2) 0.1044 (2) 0.75103 (14) 0.0288 (7) 
H17A 0.6277 0.1726 0.7872 0.043* 
H17B 0.6627 0.0321 0.7682 0.043* 
H17C 0.5364 0.0770 0.7432 0.043* 
C18 0.8180 (2) 0.2415 (3) 0.75772 (15) 0.0358 (8) 
H18A 0.8882 0.2807 0.7535 0.054* 
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H18B 0.8329 0.1724 0.7932 0.054* 
H18C 0.7710 0.3057 0.7734 0.054* 
C19 0.8283 (2) 0.0853 (3) 0.66145 (18) 0.0403 (8) 
H19A 0.7952 0.0609 0.6115 0.060* 
H19B 0.8309 0.0110 0.6930 0.060* 
H19C 0.9037 0.1170 0.6645 0.060* 
C20 0.7543 (2) 0.1907 (2) 0.33694 (14) 0.0242 (6) 
C21 0.8459 (2) 0.2072 (2) 0.29335 (15) 0.0287 (7) 
C22 0.6413 (2) 0.1563 (3) 0.29297 (16) 0.0370 (8) 
H22A 0.5900 0.1456 0.3251 0.056* 
H22B 0.6459 0.0765 0.2670 0.056* 
H22C 0.6144 0.2244 0.2582 0.056* 
C23 0.7876 (3) 0.1001 (3) 0.40060 (16) 0.0398 (8) 
H23A 0.8618 0.1224 0.4283 0.060* 
H23B 0.7880 0.0125 0.3828 0.060* 
H23C 0.7344 0.1071 0.4317 0.060* 
C24 0.8006 (3) 0.2599 (3) 0.21778 (15) 0.0400 (8) 
H24A 0.7543 0.3346 0.2207 0.060* 
H24B 0.7560 0.1944 0.1879 0.060* 
H24C 0.8624 0.2845 0.1961 0.060* 
C25 0.9180 (3) 0.0944 (3) 0.29034 (19) 0.0449 (9) 
H25A 0.9757 0.1172 0.2646 0.067* 
H25B 0.8731 0.0246 0.2649 0.067* 
H25C 0.9527 0.0673 0.3395 0.067* 
O1 0.74993 (16) 0.86541 (18) 0.51583 (11) 0.0397 (6) 
O2 0.58079 (14) 0.27696 (15) 0.66392 (9) 0.0223 (4) 
O3 0.74918 (14) 0.29590 (16) 0.63415 (9) 0.0247 (5) 
O4 0.74873 (14) 0.31811 (16) 0.36756 (9) 0.0240 (4) 
O5 0.91442 (14) 0.30926 (16) 0.33374 (9) 0.0255 (5) 
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Table A4. Atomic displacement parameters (Å2) for bis(3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)methanone (1.10). 
 U11 U22 U33 U12 U13 U23 
B1 0.0226 (18) 0.0173 (16) 0.0164 (16) -0.0026 (13) 0.0090 (13) -0.0039 (12) 
B2 0.0198 (17) 0.0280 (18) 0.0152 (16) 0.0023 (14) 0.0040 (13) 0.0004 (13) 
C1 0.0319 (17) 0.0168 (15) 0.0239 (16) -0.0017 (13) 0.0083 (13) 0.0000 (12) 
C2 0.0233 (15) 0.0161 (14) 0.0173 (14) 0.0005 (12) 0.0027 (11) -0.0024 (11) 
C3 0.0326 (17) 0.0154 (14) 0.0172 (14) 0.0061 (12) 0.0029 (12) -0.0024 (11) 
C4 0.0195 (15) 0.0242 (15) 0.0197 (14) 0.0044 (12) 0.0025 (12) -0.0019 (12) 
C5 0.0206 (16) 0.0252 (15) 0.0176 (14) -0.0049 (12) 0.0038 (11) -0.0022 (12) 
C6 0.0176 (15) 0.0182 (14) 0.0126 (13) 0.0005 (11) 0.0007 (11) -0.0031 (11) 
C7 0.0198 (15) 0.0186 (14) 0.0141 (14) 0.0029 (11) 0.0039 (11) -0.0027 (11) 
C8 0.0263 (16) 0.0166 (14) 0.0171 (14) -0.0011 (12) 0.0058 (12) 0.0019 (11) 
C9 0.0315 (17) 0.0178 (14) 0.0259 (16) -0.0076 (13) 0.0045 (13) 0.0007 (12) 
C10 0.0232 (16) 0.0298 (17) 0.0301 (16) -0.0072 (13) 0.0078 (13) 0.0018 (13) 
C11 0.0244 (16) 0.0283 (16) 0.0200 (15) 0.0006 (13) 0.0062 (12) 0.0002 (12) 
C12 0.0204 (15) 0.0228 (15) 0.0134 (13) 0.0007 (12) 0.0030 (11) 0.0039 (11) 
C13 0.0189 (15) 0.0209 (14) 0.0162 (14) -0.0027 (11) 0.0033 (11) 0.0052 (11) 
C14 0.0193 (15) 0.0157 (14) 0.0273 (15) 0.0051 (11) 0.0047 (12) 0.0041 (12) 
C15 0.0229 (16) 0.0169 (14) 0.0316 (16) 0.0031 (12) 0.0094 (13) 0.0082 (12) 
C16 0.0401 (19) 0.0230 (16) 0.0353 (18) -0.0039 (14) -0.0003 (14) 0.0025 (13) 
C17 0.0278 (17) 0.0257 (16) 0.0361 (18) 0.0034 (13) 0.0136 (13) 0.0084 (13) 
C18 0.0310 (18) 0.0278 (17) 0.0416 (19) -0.0058 (13) -0.0069 (14) 0.0102 (14) 
C19 0.0346 (19) 0.0278 (17) 0.065 (2) 0.0114 (14) 0.0248 (17) 0.0150 (16) 
C20 0.0280 (16) 0.0167 (14) 0.0305 (16) -0.0026 (12) 0.0124 (13) -0.0055 (12) 
C21 0.0270 (17) 0.0272 (16) 0.0340 (17) -0.0068 (13) 0.0113 (13) -0.0120 (13) 
C22 0.0292 (18) 0.0384 (18) 0.046 (2) -0.0090 (14) 0.0140 (15) -0.0157 (15) 
C23 0.053 (2) 0.0324 (18) 0.0369 (19) -0.0061 (15) 0.0159 (16) 0.0012 (14) 
C24 0.051 (2) 0.0437 (19) 0.0268 (17) -0.0138 (16) 0.0120 (15) -0.0074 (15) 
C25 0.037 (2) 0.0317 (18) 0.074 (2) -0.0012 (15) 0.0309 (18) -0.0127 (17) 
O1 0.0545 (14) 0.0159 (11) 0.0564 (15) -0.0009 (10) 0.0291 (12) -0.0009 (9) 
O2 0.0204 (11) 0.0199 (10) 0.0277 (10) 0.0039 (8) 0.0076 (8) 0.0055 (8) 
O3 0.0221 (11) 0.0217 (10) 0.0332 (11) 0.0047 (8) 0.0121 (9) 0.0105 (8) 
O4 0.0222 (11) 0.0207 (10) 0.0321 (11) -0.0030 (8) 0.0126 (8) -0.0071 (8) 
O5 0.0218 (11) 0.0283 (11) 0.0285 (11) -0.0042 (9) 0.0100 (9) -0.0097 (9) 
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Figure A3. The ORTEP drawing, crystallographic data and structure refinement for 
Pentacyclo[17.3.1.12,6.18,12.113,17]hexacosa-1(23),2,4,6(26),8,10,12(25),13,15,17(24),19,21-
dodecaene-7,18-dione (1.14). 
 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell esds are taken into account individually in the 
estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) 
treatment of cell esds is used for estimating esds involving l.s. planes. 
Refinement. Refined as a 2-component twin. 
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Table A5. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for Pentacyclo[17.3.1.12,6.18,12.113,17]hexacosa-1(23),2,4,6(26),8,10,12(25),13,15,
17(24),19,21-dodecaene-7,18-dione (1.14). 
 x y z Uiso*/Ueq 
C1 0.3326 (6) 0.724 (2) 0.6719 (4) 0.069 (3) 
C2 0.2602 (4) 0.7850 (17) 0.6340 (3) 0.051 (2) 
C3 0.2278 (5) 0.9536 (19) 0.6698 (4) 0.055 (3) 
H3 0.2549 1.0238 0.7144 0.066* 
C4 0.1583 (6) 1.0067 (19) 0.6376 (5) 0.059 (3) 
H4 0.1366 1.0995 0.6615 0.071* 
C5 0.1173 (5) 0.933 (2) 0.5714 (5) 0.057 (3) 
H5 0.0693 0.9917 0.5499 0.069* 
C6 0.1461 (3) 0.7754 (16) 0.5376 (4) 0.0402 (18) 
C7 0.2172 (3) 0.6915 (15) 0.5701 (3) 0.0316 (16) 
H7 0.2362 0.5649 0.5469 0.038* 
C8 0.3740 (4) 0.668 (2) 0.6351 (3) 0.051 (2) 
C9 0.4423 (5) 0.4973 (19) 0.6705 (5) 0.070 (4) 
H9 0.4606 0.4200 0.7148 0.085* 
C10 0.4772 (5) 0.458 (2) 0.6354 (5) 0.064 (3) 
H10 0.5225 0.3604 0.6589 0.077* 
C11 0.4572 (4) 0.5359 (19) 0.5735 (5) 0.056 (3) 
H11 0.4855 0.4863 0.5533 0.067* 
C12 0.3920 (4) 0.6961 (17) 0.5386 (5) 0.053 (2) 
C13 0.3528 (3) 0.7751 (15) 0.5720 (3) 0.0309 (16) 
H13 0.3110 0.9054 0.5497 0.037* 
O1 0.3643 (4) 0.717 (2) 0.7329 (2) 0.089 (2) 
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Table A6. Atomic displacement parameters (Å2) for Pentacyclo[17.3.1.12,6.18,12.113,17]hexacosa-
1(23),2,4,6(26),8,10,12(25),13,15,17(24),19,21-dodecaene-7,18-dione (1.14). 
 U11 U22 U33 U12 U13 U23 
C1 0.078 (6) 0.053 (5) 0.055 (5) -0.027 (4) 0.014 (5) 0.003 (5) 
C2 0.075 (5) 0.026 (4) 0.022 (4) -0.013 (3) -0.002 (4) 0.007 (3) 
C3 0.107 (8) 0.031 (4) 0.022 (4) -0.012 (4) 0.026 (5) 0.002 (3) 
C4 0.113 (9) 0.037 (4) 0.062 (6) -0.003 (4) 0.069 (7) 0.006 (4) 
C5 0.054 (5) 0.039 (4) 0.084 (7) 0.000 (3) 0.036 (5) -0.002 (4) 
C6 0.044 (4) 0.023 (3) 0.048 (4) -0.003 (3) 0.017 (3) 0.001 (3) 
C7 0.044 (4) 0.020 (3) 0.030 (3) -0.005 (2) 0.017 (3) -0.003 (2) 
C8 0.067 (5) 0.042 (4) 0.023 (4) -0.018 (4) 0.004 (4) -0.001 (3) 
C9 0.073 (7) 0.028 (4) 0.051 (6) -0.011 (4) -0.019 (6) -0.003 (3) 
C10 0.044 (6) 0.044 (5) 0.066 (6) -0.009 (3) -0.006 (6) -0.007 (4) 
C11 0.031 (4) 0.038 (4) 0.073 (6) -0.001 (3) 0.003 (4) -0.008 (4) 
C12 0.048 (4) 0.018 (3) 0.072 (5) -0.008 (3) 0.011 (4) -0.006 (3) 
C13 0.023 (3) 0.024 (3) 0.026 (3) -0.003 (2) -0.005 (3) -0.003 (2) 
O1 0.090 (4) 0.120 (6) 0.022 (3) -0.028 (4) -0.003 (3) 0.005 (4) 
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Table A7. Crystallographic data for 9,10-dibromo-m-carborane (1.12a), and the literature values 
as published by Reference 26.  
  1.12a 1.12a (Lit.) 
empirical formula C2H10B10Br2 C2H10B10Br2 
formula weight 302.02 302.02 
crystal system orthorhombic orthorhombic 
space group Pnma Pnam 
a (Å) 12.9218 (12) 13.14 (1) 
b (Å) 12.5265 (11) 7.08 (3) 
c (Å) 6.9300 (6) 12.64 (4) 
α (°) 90 90 
β (°) 90 90 
γ (°) 90 90 
V (Å3) 1121.72 (17) 1175.914 
Z 4 4 
T (K) 90 283-303 
Dcalc (g/cm3) 1.788 N/A 
F (000) 568 N/A 
crystal size (mm3) 0.20 x 0.15 x 0.12 N/A 
θ range (deg) 3.2-27.2 N/A 
index ranges -16≤h≤16 N/A 
  15≤k≤16 N/A 
  -8≤l≤8 N/A 
goodness of fit (GOF) 1.084 N/A 
no. of reflns collected 1310 N/A 
no. of independent reflns 1310 [Rint=0.024] N/A 
no. of parameters 94 N/A 
wavelength (Å) 0.71073 0.71073 
final R indices [I>2σ(I)] R=0.0128 R=0.105 
  wR=0.0335 wR=0.105 
final R indices (all data) R=0.0137 N/A 
  wR=0.0338 N/A 
largest diff. peak and hole (e-/Å3) 0.26 to -0.27 N/A 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell esds are taken into account individually in the 
estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) 
treatment of cell esds is used for estimating esds involving l.s. planes. 
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Figure A4. The ORTEP drawing, crystallographic data and structure refinement for 9,10-
dibromo-m-carborane (1.12a). 
  
Figure A5. The unit cell comparison for 9,10-dibromo-m-carborane (1.12a) (left), and the 
published structure (right). 
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Table A8. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for 9,10-dibromo-m-carborane (1.12a). 
 x y z Uiso*/Ueq 
B3 0.23624 (12) 0.17860 (12) 0.6814 (2) 0.0165 (3) 
B5 0.25206 (15) 0.2500 0.2904 (3) 0.0132 (4) 
B6 0.24570 (11) 0.36546 (11) 0.4405 (2) 0.0148 (3) 
B8 0.35653 (11) 0.13449 (11) 0.5912 (2) 0.0158 (3) 
B10 0.36656 (10) 0.32108 (11) 0.34916 (18) 0.0117 (3) 
B12 0.43141 (15) 0.2500 0.5346 (3) 0.0145 (4) 
Br1 0.44247 (2) 0.40244 (2) 0.15498 (2) 0.01641 (6) 
C1 0.18311 (13) 0.2500 0.4995 (3) 0.0148 (3) 
C7 0.34551 (14) 0.2500 0.7208 (3) 0.0164 (3) 
H1 0.1119 (18) 0.2500 0.488 (3) 0.022 (6)* 
H3 0.1938 (11) 0.1433 (14) 0.787 (2) 0.025 (4)* 
H5 0.2140 (16) 0.2500 0.153 (3) 0.012 (5)* 
H6 0.2031 (11) 0.4338 (13) 0.395 (2) 0.019 (4)* 
H7 0.3725 (19) 0.2500 0.847 (3) 0.024 (6)* 
H8 0.3917 (13) 0.0649 (14) 0.651 (2) 0.023 (4)* 
H12 0.5134 (19) 0.2500 0.562 (3) 0.028 (6)* 
 
Table A9. Atomic displacement parameters (Å2) for 9,10-dibromo-m-carborane (1.12a). 
 U11 U22 U33 U12 U13 U23 
B3 0.0180 (7) 0.0162 (6) 0.0153 (6) -0.0010 (5) 0.0040 (5) 0.0017 (5) 
B5 0.0110 (9) 0.0149 (9) 0.0136 (9) 0.000 -0.0007 (7) 0.000 
B6 0.0150 (6) 0.0125 (6) 0.0167 (6) 0.0014 (5) 0.0028 (5) 0.0008 (5) 
B8 0.0176 (7) 0.0151 (7) 0.0148 (6) 0.0026 (5) 0.0010 (5) 0.0028 (5) 
B10 0.0117 (6) 0.0105 (6) 0.0129 (6) -0.0008 (5) 0.0003 (5) 0.0003 (5) 
B12 0.0118 (9) 0.0182 (9) 0.0134 (9) 0.000 -0.0018 (7) 0.000 
Br1 0.01848 (9) 0.01299 (8) 0.01776 (8) -0.00220 (4) 0.00555 (4) 0.00266 (4) 
C1 0.0101 (8) 0.0162 (8) 0.0181 (9) 0.000 0.0024 (6) 0.000 
C7 0.0190 (9) 0.0200 (9) 0.0101 (8) 0.000 -0.0017 (7) 0.000 
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Table A10. Geometric parameters (Å, º) for 9,10-dibromo-m-carborane (1.12a). 
B3—C1 1.691 (2) B8—B10i 1.7723 (19) 
B3—C7 1.694 (2) B8—B6i 1.773 (2) 
B3—B6i 1.763 (2) B8—B12 1.7844 (18) 
B3—B8 1.764 (2) B8—H8 1.068 (17) 
B3—B3i 1.789 (3) B10—B8i 1.7723 (19) 
B3—H3 1.015 (16) B10—B12 1.774 (2) 
B5—C1 1.701 (3) B10—B10i 1.781 (3) 
B5—B10i 1.774 (2) B10—Br1 1.9523 (13) 
B5—B10 1.774 (2) B12—C7 1.703 (3) 
B5—B6 1.7834 (18) B12—B10i 1.774 (2) 
B5—B6i 1.7834 (18) B12—B8i 1.7844 (18) 
B5—H5 1.069 (19) B12—H12 1.08 (2) 
B6—C1 1.7067 (16) C1—B3i 1.691 (2) 
B6—B3i 1.763 (2) C1—B6i 1.7068 (16) 
B6—B8i 1.773 (2) C1—H1 0.92 (2) 
B6—B10 1.7745 (19) C7—B3i 1.694 (2) 
B6—H6 1.066 (16) C7—B8i 1.7089 (17) 
B8—C7 1.7089 (17) C7—H7 0.94 (2) 
    
C1—B3—C7 100.33 (10) B8i—B10—B12 60.43 (8) 
C1—B3—B6i 59.18 (8) B8i—B10—B5 108.30 (10) 
C7—B3—B6i 105.09 (11) B12—B10—B5 107.96 (9) 
C1—B3—B8 105.02 (10) B8i—B10—B6 59.98 (8) 
C7—B3—B8 59.20 (8) B12—B10—B6 108.35 (10) 
B6i—B3—B8 60.35 (8) B5—B10—B6 60.34 (8) 
C1—B3—B3i 58.08 (6) B8i—B10—B10i 108.30 (6) 
C7—B3—B3i 58.12 (6) B12—B10—B10i 59.87 (5) 
B6i—B3—B3i 108.25 (7) B5—B10—B10i 59.88 (5) 
B8—B3—B3i 108.25 (7) B6—B10—B10i 108.26 (6) 
C1—B3—H3 123.2 (9) B8i—B10—Br1 121.69 (9) 
C7—B3—H3 124.4 (9) B12—B10—Br1 121.60 (9) 
B6i—B3—H3 125.6 (9) B5—B10—Br1 121.51 (9) 
B8—B3—H3 126.5 (9) B6—B10—Br1 121.63 (8) 
B3i—B3—H3 115.9 (10) B10i—B10—Br1 121.47 (4) 
C1—B5—B10i 103.96 (11) C7—B12—B10 103.96 (11) 
C1—B5—B10 103.96 (11) C7—B12—B10i 103.96 (11) 
B10i—B5—B10 60.25 (11) B10—B12—B10i 60.27 (11) 
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C1—B5—B6 58.60 (7) C7—B12—B8 58.64 (7) 
B10i—B5—B6 108.15 (11) B10—B12—B8 108.08 (11) 
B10—B5—B6 59.84 (7) B10i—B12—B8 59.75 (8) 
C1—B5—B6i 58.60 (7) C7—B12—B8i 58.64 (7) 
B10i—B5—B6i 59.84 (7) B10—B12—B8i 59.75 (7) 
B10—B5—B6i 108.15 (11) B10i—B12—B8i 108.08 (11) 
B6—B5—B6i 108.39 (14) B8—B12—B8i 108.36 (14) 
C1—B5—H5 121.0 (11) C7—B12—H12 120.6 (13) 
B10i—B5—H5 126.0 (9) B10—B12—H12 126.3 (10) 
B10—B5—H5 126.0 (9) B10i—B12—H12 126.3 (10) 
B6—B5—H5 119.8 (4) B8—B12—H12 119.7 (5) 
B6i—B5—H5 119.8 (4) B8i—B12—H12 119.7 (5) 
C1—B6—B3i 58.33 (9) B3—C1—B3i 63.84 (12) 
C1—B6—B8i 104.00 (10) B3—C1—B5 114.99 (11) 
B3i—B6—B8i 59.86 (8) B3i—C1—B5 114.99 (11) 
C1—B6—B10 103.71 (10) B3—C1—B6 115.74 (12) 
B3i—B6—B10 107.50 (10) B3i—C1—B6 62.50 (8) 
B8i—B6—B10 59.95 (8) B5—C1—B6 63.11 (7) 
C1—B6—B5 58.29 (9) B3—C1—B6i 62.50 (8) 
B3i—B6—B5 107.56 (10) B3i—C1—B6i 115.75 (12) 
B8i—B6—B5 107.86 (10) B5—C1—B6i 63.11 (7) 
B10—B6—B5 59.82 (9) B6—C1—B6i 115.86 (13) 
C1—B6—H6 120.5 (8) B3—C1—H1 117.8 (11) 
B3i—B6—H6 119.8 (8) B3i—C1—H1 117.8 (11) 
B8i—B6—H6 126.3 (8) B5—C1—H1 116.8 (13) 
B10—B6—H6 126.8 (8) B6—C1—H1 116.9 (4) 
B5—B6—H6 120.1 (8) B6i—C1—H1 116.9 (4) 
C7—B8—B3 58.34 (9) B3—C7—B3i 63.75 (12) 
C7—B8—B10i 103.75 (10) B3—C7—B12 114.92 (11) 
B3—B8—B10i 107.54 (10) B3i—C7—B12 114.92 (11) 
C7—B8—B6i 104.01 (10) B3—C7—B8 62.46 (8) 
B3—B8—B6i 59.79 (8) B3i—C7—B8 115.59 (12) 
B10i—B8—B6i 60.07 (8) B12—C7—B8 63.07 (7) 
C7—B8—B12 58.29 (9) B3—C7—B8i 115.59 (12) 
B3—B8—B12 107.57 (10) B3i—C7—B8i 62.46 (8) 
B10i—B8—B12 59.82 (9) B12—C7—B8i 63.07 (7) 
B6i—B8—B12 107.94 (10) B8—C7—B8i 115.70 (14) 
C7—B8—H8 121.4 (8) B3—C7—H7 117.4 (12) 
B3—B8—H8 119.5 (8) B3i—C7—H7 117.4 (12) 
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B10i—B8—H8 126.5 (8) B12—C7—H7 117.5 (15) 
B6i—B8—H8 125.0 (9) B8—C7—H7 117.2 (5) 
B12—B8—H8 121.2 (9) B8i—C7—H7 117.2 (5) 
    
B10i—B5—B6—C1 -95.58 (12) B3—B8—B12—B10i -100.47 (11) 
B10—B5—B6—C1 -132.97 (11) B6i—B8—B12—B10i -37.35 (9) 
B6i—B5—B6—C1 -32.21 (12) C7—B8—B12—B8i -32.38 (12) 
C1—B5—B6—B3i 32.54 (10) B3—B8—B12—B8i 0.20 (18) 
B10i—B5—B6—B3i -63.04 (13) B10i—B8—B12—B8i 100.66 (13) 
B10—B5—B6—B3i -100.42 (10) B6i—B8—B12—B8i 63.31 (16) 
B6i—B5—B6—B3i 0.33 (17) C7—B3—C1—B3i -41.76 (11) 
C1—B5—B6—B8i 95.72 (11) B6i—B3—C1—B3i -143.25 (8) 
B10i—B5—B6—B8i 0.13 (13) B8—B3—C1—B3i -102.41 (9) 
B10—B5—B6—B8i -37.25 (9) C7—B3—C1—B5 65.12 (11) 
B6i—B5—B6—B8i 63.50 (15) B6i—B3—C1—B5 -36.37 (9) 
C1—B5—B6—B10 132.97 (11) B8—B3—C1—B5 4.47 (12) 
B10i—B5—B6—B10 37.38 (9) B3i—B3—C1—B5 106.88 (10) 
B6i—B5—B6—B10 100.75 (12) C7—B3—C1—B6 -5.66 (14) 
C1—B3—B8—C7 93.22 (11) B6i—B3—C1—B6 -107.15 (14) 
B6i—B3—B8—C7 133.48 (10) B8—B3—C1—B6 -66.31 (13) 
B3i—B3—B8—C7 32.43 (7) B3i—B3—C1—B6 36.10 (7) 
C1—B3—B8—B10i -2.40 (12) C7—B3—C1—B6i 101.50 (10) 
C7—B3—B8—B10i -95.62 (11) B8—B3—C1—B6i 40.84 (9) 
B6i—B3—B8—B10i 37.86 (9) B3i—B3—C1—B6i 143.25 (8) 
B3i—B3—B8—B10i -63.19 (9) B10i—B5—C1—B3 -4.55 (11) 
C1—B3—B8—B6i -40.26 (8) B10—B5—C1—B3 -66.83 (9) 
C7—B3—B8—B6i -133.48 (10) B6—B5—C1—B3 -107.52 (12) 
B3i—B3—B8—B6i -101.05 (7) B6i—B5—C1—B3 36.14 (9) 
C1—B3—B8—B12 60.67 (13) B10i—B5—C1—B3i 66.83 (9) 
C7—B3—B8—B12 -32.55 (11) B10—B5—C1—B3i 4.55 (11) 
B6i—B3—B8—B12 100.93 (11) B6—B5—C1—B3i -36.14 (9) 
B3i—B3—B8—B12 -0.12 (11) B6i—B5—C1—B3i 107.52 (12) 
C1—B5—B10—B8i -2.69 (10) B10i—B5—C1—B6 102.97 (10) 
B10i—B5—B10—B8i -100.98 (8) B10—B5—C1—B6 40.69 (8) 
B6—B5—B10—B8i 37.37 (9) B6i—B5—C1—B6 143.66 (14) 
B6i—B5—B10—B8i -63.78 (12) B10i—B5—C1—B6i -40.69 (8) 
C1—B5—B10—B12 61.25 (10) B10—B5—C1—B6i -102.97 (10) 
B10i—B5—B10—B12 -37.04 (11) B6—B5—C1—B6i -143.66 (14) 
B6—B5—B10—B12 101.31 (11) B3i—B6—C1—B3 -36.60 (10) 
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B6i—B5—B10—B12 0.16 (14) B8i—B6—C1—B3 3.78 (14) 
C1—B5—B10—B6 -40.06 (8) B10—B6—C1—B3 65.71 (13) 
B10i—B5—B10—B6 -138.35 (9) B5—B6—C1—B3 106.34 (13) 
B6i—B5—B10—B6 -101.15 (14) B8i—B6—C1—B3i 40.37 (9) 
C1—B5—B10—B10i 98.29 (7) B10—B6—C1—B3i 102.31 (10) 
B6—B5—B10—B10i 138.35 (9) B5—B6—C1—B3i 142.94 (12) 
B6i—B5—B10—B10i 37.20 (6) B3i—B6—C1—B5 -142.94 (12) 
C1—B5—B10—Br1 -151.09 (8) B8i—B6—C1—B5 -102.57 (11) 
B10i—B5—B10—Br1 110.62 (7) B10—B6—C1—B5 -40.63 (10) 
B6—B5—B10—Br1 -111.03 (11) B3i—B6—C1—B6i -106.97 (14) 
B6i—B5—B10—Br1 147.82 (10) B8i—B6—C1—B6i -66.60 (16) 
C1—B6—B10—B8i -98.42 (11) B10—B6—C1—B6i -4.66 (18) 
B3i—B6—B10—B8i -37.75 (9) B5—B6—C1—B6i 35.97 (14) 
B5—B6—B10—B8i -138.27 (10) C1—B3—C7—B3i 41.73 (11) 
C1—B6—B10—B12 -60.81 (12) B6i—B3—C7—B3i 102.37 (9) 
B3i—B6—B10—B12 -0.14 (12) B8—B3—C7—B3i 143.15 (9) 
B8i—B6—B10—B12 37.61 (8) C1—B3—C7—B12 -65.06 (11) 
B5—B6—B10—B12 -100.66 (10) B6i—B3—C7—B12 -4.42 (12) 
C1—B6—B10—B5 39.85 (10) B8—B3—C7—B12 36.36 (9) 
B3i—B6—B10—B5 100.52 (11) B3i—B3—C7—B12 -106.79 (10) 
B8i—B6—B10—B5 138.27 (10) C1—B3—C7—B8 -101.42 (10) 
C1—B6—B10—B10i 2.60 (10) B6i—B3—C7—B8 -40.78 (9) 
B3i—B6—B10—B10i 63.28 (9) B3i—B3—C7—B8 -143.15 (9) 
B8i—B6—B10—B10i 101.03 (7) C1—B3—C7—B8i 5.60 (14) 
B5—B6—B10—B10i -37.25 (7) B6i—B3—C7—B8i 66.24 (13) 
C1—B6—B10—Br1 150.68 (9) B8—B3—C7—B8i 107.02 (15) 
B3i—B6—B10—Br1 -148.64 (9) B3i—B3—C7—B8i -36.13 (7) 
B8i—B6—B10—Br1 -110.89 (10) B10—B12—C7—B3 66.76 (9) 
B5—B6—B10—Br1 110.84 (10) B10i—B12—C7—B3 4.46 (11) 
B8i—B10—B12—C7 40.02 (8) B8—B12—C7—B3 -36.13 (9) 
B5—B10—B12—C7 -61.25 (10) B8i—B12—C7—B3 107.35 (12) 
B6—B10—B12—C7 2.60 (11) B10—B12—C7—B3i -4.46 (11) 
B10i—B10—B12—C7 -98.30 (8) B10i—B12—C7—B3i -66.76 (9) 
Br1—B10—B12—C7 151.12 (8) B8—B12—C7—B3i -107.35 (12) 
B8i—B10—B12—B10i 138.32 (9) B8i—B12—C7—B3i 36.13 (9) 
B5—B10—B12—B10i 37.04 (11) B10—B12—C7—B8 102.89 (10) 
B6—B10—B12—B10i 100.90 (8) B10i—B12—C7—B8 40.58 (8) 
Br1—B10—B12—B10i -110.58 (7) B8i—B12—C7—B8 143.48 (14) 
B8i—B10—B12—B8 101.14 (14) B10—B12—C7—B8i -40.59 (8) 
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B5—B10—B12—B8 -0.13 (14) B10i—B12—C7—B8i -102.89 (10) 
B6—B10—B12—B8 63.72 (12) B8—B12—C7—B8i -143.48 (14) 
B10i—B10—B12—B8 -37.18 (7) B10i—B8—C7—B3 102.34 (10) 
Br1—B10—B12—B8 -147.76 (10) B6i—B8—C7—B3 40.26 (9) 
B5—B10—B12—B8i -101.27 (10) B12—B8—C7—B3 142.91 (12) 
B6—B10—B12—B8i -37.42 (9) B3—B8—C7—B3i -36.61 (10) 
B10i—B10—B12—B8i -138.32 (9) B10i—B8—C7—B3i 65.72 (13) 
Br1—B10—B12—B8i 111.10 (11) B6i—B8—C7—B3i 3.65 (14) 
B3—B8—B12—C7 32.57 (11) B12—B8—C7—B3i 106.30 (13) 
B10i—B8—B12—C7 133.04 (11) B3—B8—C7—B12 -142.91 (12) 
B6i—B8—B12—C7 95.69 (12) B10i—B8—C7—B12 -40.58 (11) 
C7—B8—B12—B10 -95.63 (12) B6i—B8—C7—B12 -102.65 (11) 
B3—B8—B12—B10 -63.06 (13) B3—B8—C7—B8i -106.83 (14) 
B10i—B8—B12—B10 37.41 (10) B10i—B8—C7—B8i -4.50 (18) 
B6i—B8—B12—B10 0.05 (14) B6i—B8—C7—B8i -66.57 (16) 
C7—B8—B12—B10i -133.04 (11) B12—B8—C7—B8i 36.08 (14) 
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Figure A6. The ORTEP drawing, crystallographic data and structure refinement for 4-(thiophen-
3-yl)benzoate (2.5). 
 
 
 
 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell esds are taken into account individually in the 
estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) 
treatment of cell esds is used for estimating esds involving l.s. planes. 
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Table A11. Fractional atomic coordinates and isotropic or equivalent isotropic displacement 
parameters (Å2) for 4-(thiophen-3-yl)benzoate (2.5). 
 x y z Uiso*/Ueq 
C1 0.719 (2) 0.4126 (17) 0.6057 (6) 0.030 (3) 
H1 0.8103 0.3499 0.5784 0.036* 
C2 0.520 (2) 0.4979 (17) 0.5918 (6) 0.030 (3) 
C3 0.426 (2) 0.5827 (16) 0.6419 (6) 0.030 (3) 
H3 0.2907 0.6508 0.6408 0.036* 
C4 0.553 (2) 0.5570 (17) 0.6949 (6) 0.030 (3) 
H4 0.5141 0.6014 0.7323 0.036* 
C5 0.425 (2) 0.4982 (19) 0.5335 (5) 0.030 (3) 
C6 0.212 (2) 0.5766 (17) 0.5235 (6) 0.030 (3) 
H6 0.1319 0.6278 0.5551 0.036* 
C7 0.117 (2) 0.5803 (17) 0.4684 (6) 0.030 (3) 
H7 -0.0262 0.6323 0.4627 0.036* 
C8 0.236 (2) 0.506 (2) 0.4213 (6) 0.030 (3) 
C9 0.448 (2) 0.4301 (17) 0.4308 (6) 0.030 (3) 
H9 0.5305 0.3814 0.3992 0.036* 
C10 0.537 (2) 0.4258 (17) 0.4860 (6) 0.030 (3) 
H10 0.6790 0.3714 0.4916 0.036* 
C11 0.141 (2) 0.5028 (17) 0.3623 (5) 0.030 (3) 
C12 -0.179 (2) 0.5548 (17) 0.3050 (5) 0.031 (3) 
H12A -0.1126 0.6449 0.2784 0.046* 
H12B -0.3379 0.5828 0.3098 0.046* 
H12C -0.1625 0.4296 0.2891 0.046* 
O1 -0.0689 (15) 0.5654 (11) 0.3608 (4) 0.030 (2) 
O2 0.2385 (15) 0.4475 (12) 0.3197 (4) 0.032 (2) 
S1 0.7841 (5) 0.4327 (4) 0.67752 (16) 0.0305 (9) 
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Table A12. Atomic displacement parameters (Å2) for 4-(thiophen-3-yl)benzoate (2.5). 
 U11 U22 U33 U12 U13 U23 
C1 0.030 (7) 0.030 (7) 0.030 (7) 0.000 (5) 0.000 (6) 0.000 (5) 
C2 0.030 (7) 0.030 (7) 0.030 (7) 0.000 (5) 0.000 (6) 0.000 (5) 
C3 0.030 (6) 0.030 (6) 0.030 (7) 0.000 (5) 0.000 (6) 0.000 (5) 
C4 0.030 (7) 0.030 (6) 0.030 (7) 0.000 (5) 0.000 (5) 0.000 (5) 
C5 0.030 (7) 0.030 (7) 0.030 (7) 0.000 (5) 0.000 (5) 0.000 (5) 
C6 0.030 (7) 0.030 (7) 0.030 (6) 0.000 (5) 0.000 (6) 0.000 (5) 
C7 0.030 (6) 0.030 (7) 0.030 (7) 0.000 (5) 0.000 (5) 0.000 (5) 
C8 0.030 (6) 0.030 (7) 0.030 (7) 0.000 (6) 0.000 (6) 0.000 (5) 
C9 0.030 (7) 0.030 (6) 0.030 (7) 0.000 (5) 0.000 (6) 0.000 (5) 
C10 0.030 (7) 0.030 (7) 0.030 (7) 0.000 (5) 0.000 (5) 0.000 (5) 
C11 0.030 (6) 0.030 (7) 0.030 (7) 0.000 (6) 0.000 (5) 0.000 (5) 
C12 0.030 (7) 0.033 (7) 0.030 (7) 0.000 (5) 0.000 (6) 0.000 (5) 
O1 0.030 (5) 0.030 (4) 0.030 (5) 0.000 (3) 0.000 (4) 0.000 (3) 
O2 0.031 (5) 0.036 (5) 0.030 (5) 0.002 (3) 0.000 (4) -0.001 (4) 
S1 0.0304 (15) 0.0301 (15) 0.0311 (15) -0.0002 (11) -0.0006 (18) 0.0004 (14) 
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